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Chapter 1Introduction1.1 Magnetic Moments and Baryon StructureThe magnetic moment of a particle is an intrinsic property, which is determined by theparticle's structure. For a pointlike particle, with spin ~S the magnetic moment, ~�, isparticularly simple, ~� = emc ~S; (1.1)where e is the particles' charge,and m its mass. If the particle has some internalstructure, the magnetic moment is more complicated.~�b =Xi h�bj ei2mi�hc(Ji=�h+ 1) �gs~S � ~J + gl~L � ~J�i ~Sij~Sij j�bi; (1.2)where ei, mi, ~Li, ~Si, and ~Ji are the ith constituent particle's charge, mass, orbitalangular momentum, intrinsic spin angular momentum, and total angular momentum.The parameters gl and gs depend on the interactions of the constituent particles and areknown as the gyromagnetic ratio and spin-orbit coupling. The j�bi are the spin-
avorwave functions of the constituent particles.1



2Measuring the magnetic moments provides a "window" into the structure of compos-ite particles. Historically measuring the neutron and proton magnetic moments gaveearly evidence supporting the quark model of hadrons. The non-zero magnetic momentof the neutron indicated that it was not a pointlike particle. The measurement of theratio of the proton and neutron magnetic moments gave the ratio of the charges of theup and down quarks.In the quark model, baryons are made up of three valence quarks with charge -1/3eor +2/3e, where e is the magnitude of the electron charge. The quarks are boundby the exchange of gauge bosons called gluons. The formalism used to describe thegluon-quark interaction is called quantum-chromodynamics (QCD).Present models of baryon structure used to predict magnetic moments can be cate-gorized as either depending on the fundamental symmetry of the quark wavefunctionswithin baryons, symmetry based models, or models based on the interaction of thequarks within the baryons, QCD based models.1.1.1 Symmetry Based ModelsIn the static quark model (SQM) the quarks in a baryon are considered to be in a L = 0state with negligible electromagnetic interaction and no relativistic corrections. Becausequarks are fermions they must be antisymmetric under color exchange. Therefore thespin-
avor wavefunctions must be symmetric. These wavefunctions are given by theSU(6) symmetry group and are shown in Table 1.1If the magnetic moment of a baryon is given by sum of the ~�i, the individual valencequark moments, the magnetic moments can be calculated using the operator~�b = h�bjXi ~�ij�bi (1.3)on the wavefunctions in Table 1.1. Table 1.2 gives the expressions for the baryonmagnetic moments in terms of the quark moments. Given the up, down, and strange



3Baryon Quark wavefunctionsp " p2=3u "u "d # �p1=6 (u "u #+ u #u ")d "n " p2=3d "d "u # �p1=6 (d "d #+ d #d ")u "� " p1=2(u "d # � u #d ")s "�+ " p2=3u "u "s # �p1=6 (u "u #+ u #u ")s "�0 " p2=3u "d "s # �p1=6 (u "d #+ u #d ")s "�� " p2=3d "d "s # �p1=6 (d "d #+ d #d ")s "�0 " p2=3s "s "u # �p1=6 (s "s #+ s #s ")u "�� " p2=3s "s "d # �p1=6 (s "s #+ s #s ")d "
� " s "s "s "Table 1.1: The baryon spin-
avor SU(6) wavefunctions.quark moments, obtained by measuring the magnetic moments of any three baryonssuch as the proton, neutron, and � magnetic moments, it is possible to �nd numericalvalues for the baryon magnetic moments under SQM. Table 1.2 gives these predictionsand previous experimental values of �hyperon. The �0 - � is a transition moment whichcan be predicted by the overlap of the �0 and � wavefunctions from���� = h��jXi ~�ij��i:Hyperon �hyperon in Terms of �quark SU(6) predictions Experimental Resultproton �proton = 4=3�u � 1=3�d Input 2.793 [1]neutron �neutron = 4=3�d � 1=3�u Input -1.913 [1]� �� = �s Input -0.613�0.004 [2]�+ ��+ = 4=3�u � 1=3�s 2.74 2.4613�0.0034�0.0040 [3]�0 � � (�d � �u)=p3 -1.63 -1.61� 0.08 [4]�� ��� = 4=3�d � 1=3�s -1.21 -1.156�0.014 [5]�0 ��0 = 4=3�s � 1=3�u -1.46 -1.23�0.014 [6]�� ��� = 4=3�s � 1=3�d -0.52 -0.6505�0.0025 [7]
 �
� = 3�s -1.83 -1.94�0.16�0.14 [8]Table 1.2: Static quark model predictions. The experimental results are also listed forcomparison.The agreement in Table 1.2 is quite good considering the simplicity of the assump-tions used in formulating SQM. However it is clear that further corrections to SQM are



4necessary to make predictions to the accuracy of current measurements. Various au-thors have tried to improve this agreement by augmenting SQM. Some of the correctionsto SQM are:� orbital angular momentum in the quark wavefunctions [9, 10]� quark mass e�ects [11, 12, 13, 14]� charge and charge shielding e�ects [15]� relativistic e�ects [16, 17]� con�guration mixing and symmetry breaking [18, 19, 20]� pion interactions [21]Another method of calculating magnetic moments, known as sum rules, is an attemptto cancel the e�ects listed above. The goal is to �nd \rules" relating the baryon momentsto the moments by considering the similarities in quark content and the symmetry of thewavefunctions of various baryons. Originally these rules were obtained by comparing themasses and quark contents of various baryons under SU(3) [22, 23, 24]. However, theyhave since been extended to other symmetry groups speci�cally the SU(6) symmetrygroup [25, 26, 27].A typical sum rule prediction is calculated using the isospin symmetry group andapplying the electromagnetic Lagrangian to the states in this symmetry group. Bycalculating the electromagnetic interaction in the limit of zero momentum transfer,q2 !0, the magnetic moment terms for each baryon can be obtained and compared. Inthe case of [22] this yields the following relations:��+ = �proton (1.5)�� = 12�neutron (1.6)



5��0 = �neutron (1.7)��� = ��� = �(�proton + �neutron) (1.8)��0 = �12�neutron (1.9)��0�� = p32 �neutron (1.10)The numerical predictions for these equations and the other sum rule predictions forthe baryon magnetic moments are shown in Table 1.3Sum Rule ReferenceHyperon [22] [23] [24] [25] [26]proton input input input 3.04 3.0neutron input -1.85 - -1.79-2.0� -0.96 -0.93 -0.61 -0.50 -0.7�+ 2.79 2.79 - 2.73 2.4�0 � � -1.65 - - - -1.55�� -0.88 -0.93 - -1.26 -1.0�0 -1.91 -1.86 - -1.32 -1.4�� -0.88 -0.93 - -0.93 -0.9
� - -2.79 - - -Table 1.3: Magnetic moment predictions for various sum rule calculations.The sum rule predictions agree with experimentally determined values of the mo-ments from Table 1.2 in only a few cases. For the most part the predictions are not animprovement over the static quark model predictions.1.1.2 QCD based modelsQCD is currently the best theory governing the interactions between quarks. By con-sidering these interactions and the interactions of the individual quarks with a weakexternal magnetic �eld one can calculate the behavior of the system of quarks in themagnetic �eld and thus calculate the magnetic moments. QCD calculations are madedi�cult by the divergent nature of the color force. At small distances, when quarks



6are deep in the QCD potential well, they behave as free particles. However, at largedistances the potential due to the color interaction increases with distance. The largepotential at large distances makes creation of quark anti-quark pairs energetically fa-vorable leading to con�nement.Another way to understand the con�nement of quarks is to consider the coupling ofthe strong force, �s, which is a function of the momentum transfer, q2. At large q2, asituation which corresponds to small distances, �s is small (�s <1). However, for smallvalues of q2, i.e. large distances, �s is of order one. Thus a full treatment of the QCDLagrangian at small momentum transfers, such as those involved in measuring a mag-netic moment, involves calculating an in�nite number of diagrams, which makes a fulltreatment impossible. The two QCD based models discussed here di�er in the treat-ment of quark con�nement in the baryon and in how they avoid the non-perturbativenature of QCD.Bag models treat composite particles as bubbles of quark gas in vacuum. The �rstbag models were calculated under the assumption of massless, non-interacting, freequarks within a spherical boundary [28, 29]. The magnetic moment is calculated via theenergy shift from interaction with a weak, constant magnetic �eld. This model has alsobeen expanded to include relativistic e�ects [30], pion and gluon interactions [31, 32],and non-spherical bag potentials [33]. The magnetic moment predictions for the bagmodel and the various corrections are listed in Table 1.4.Even though the bag model uses more sophisticated assumptions the predictions arenot particularly impressive. Compared to the static quark model predictions and themeasured values in Table 1.2 the results of the bag model are not much better thanthose of SQM.Recently lattice gauge theory (LGT) has been used to calculate the magnetic mo-ments and other intrinsic properties of the octet and decuplet baryons [34, 35]. LGTis a treatment using the QCD Lagrangian under the "quenched QCD" approximation,



7Bag Model Referencesimple bag model rel. bag pion, gluon int. non-spherical bagHyperon [28] [29] [30] [31] [32] [33]proton 2.60 input 2.60 2.65 input 2.618neutron -1.73 -1.85 -1.55 -1.91 input -1.913� - -0.71 -0.61 -0.61 input -0.614�+ - 2.70 2.42 2.34 2.46 2.475�0 � � - 0.86 - - 0.65�� - -1.00 -0.99 -1.05 -1.16 -1.088�0 - -1.56 -1.25 -1.36 -1.31 -1.365�� - -0.64 -0.60 -0.61 -0.71 -0.552
� - - - - -2.52 -Table 1.4: Magnetic moment predictions for various bag model calculations.neglecting quark anti-quark (qq) pairs, to model the baryons. The actual technique isto simulate the quark interactions numerically on a space-time lattice.Calculations of magnetic moments under LGT depend on observing the e�ect of aconstant weak magnetic �eld on the baryon propagators. Including a magnetic �eld B,changes the propagator G(t) to [34]G(t) = e�(m��B)t (1.11)with eBt/m � 1, or G(t) = e�(m��B+eB=2m)t (1.12)with eBt/m � 1, where e, m, � are the charge, mass, and magnetic moment of thequark, and t is the time. The � depends on whether the quark is spin antialigned orspin aligned with the magnetic �eld.The energy di�erence between spin-aligned and spin-antialigned states is calculatedafter the baryon has come to equilibrium. There is a zero-�eld correction, m�, evenif B=0, since for a �nite number of con�gurations there is a splitting between the twostates. The magnetic moment is given by



8� = egs2m�h; (1.13)with g = [m+(E+ �m+)�m�(E� �m�)]=esB: (1.14)where e, s, and m are the baryon's charge, spin, mass and B is the magnetic �eldmagnitude. E� is the energy obtained from evaluating the Lagrangian for the spin-aligned and spin-antialigned states. Table 1.5 shows magnetic moment values from twoLGT calculations. LGT ReferenceHyperon [34] [35]proton 2.70�1.0 inputneutron -1.6�0.5 -�+ - 3.16� 0.40�� - -2.50� 0.29�0 - 0.58�0.10�� - -2.08�0.24
� -1.7�0.5 -1.73�0.22Table 1.5: Magnetic moment predictions for lattice gauge calculations.The use of faster computers allows the use of �ner lattice spacings. This will hope-fully make for more precise LGT calculations in the future.Even with the more sophisticated models and corrections to SQM, a single modelwhich can successfully predict the magnetic moments of the baryons to the level ofexperimental measurements does not exist. Such a model would provide evidence thatthe interaction between quarks and gluons con�ned within particles is well understood.1.2 The Omega Minus Magnetic MomentThe 
� is a particularly simple system, consisting of three spin aligned strange quarks.It has an intrinsic spin (3/2)�h, and a mass, m
� , of 1.672 GeV/c2 [36].



9To preserve the symmetry of the wavefunction shown in Table 1.1, these quarks mustbe in an even integer orbital-angular momentum state. The simplest, lowest mass stateallowed in this con�guration is the orbital angular momentum ground state (L=0). Thiscon�guration should make the 
� a simple magnetic moment to evaluate under mostmodels.It should also be noted that the 
� is made up of relatively massive strange quarks,making relativistic and mass corrections smaller compared to other ground state baryons.The state of three identical quarks lessens the possibility of con�guration mixing in thissystem [37]. The 
� system is relatively impervious to the complications of otherbaryons, making a precision measurement of the magnetic moment an interesting testof theory.A list of predictions for the 
� magnetic moment and the previously measuredexperimental value is in Table 1.6.Model �
� ReferenceSQM -1.83 Table 1.2SQM mass correction -1.3 [12]SQM mass correction -1.52 -1.48 [14]SQM charge correction -2.33 [15]Relativistic Bag Model -1.95 -2.52 [30]LGT -1.7 � .6 [34]LGT -1.73 � .22 [35]Measured value Fermilab E756 -1.94 �0:17� 0:14 [7]Table 1.6: Theoretical predictions for the 
� magnetic moment. The measured valueis included for comparisonAll the values for the various models are within �3� of the experimental measure-ment. A more precise measurement of the 
� magnetic moment would allow a furthertest for these models in this simple system. It is clear from Table 1.2 that under SQM�
� = 3�strange, and therefore a measurement of su�cient accuracy could be used toevaluate the strange quark magnetic moment as a parameter for models and comparisonto the value obtained from measurements of the other hyperons.



101.3 Magnetic Moments by the Spin Precession Tech-niqueThe magnetic moment of an object, ~�, measures the strength of the object's interactionwith an external magnetic �eld. Classically, an object in a magnetic �eld ~B undergoesan energy shift, �E �E = �~� � ~B; (1.15)and experience a torque, ~� , ~� = ~�� ~B; (1.16)where ~� is the particles' magnetic moment. In a constant magnetic �eld this torquegives rise to a precession of the angular momentum of the particle. In the case of aparticle of spin ~s the rate of change of the direction of the spin vector is given byd~sdt = �~s � ~B (1.17)The above equation holds true in the rest frame of the particle that precesses. How-ever a charged particle follows a curved path in a magnetic �eld. In this case the restframe is also rotates with the particle. The time development of the spin vector ~s in anonrotating frame is given by�d~sdt�nonrotating = �d~sdt�rotating + ! � ~s (1.18)For a Galilean transformation ! is just the rotation frequency, but for a Lorentztransformation, ! is [38] ! = 
2
 + 1 ~a� ~vc2 (1.19)



11where c is the speed of light, ~v is the velocity of the particle, and ~a is the accelerationgiven by the Lorentz equation ~a = q
mc~v � ~B (1.20)where m is the particle's mass and
 = 1q1� (vc )2 (1.21)Substituting Equations 1.10, 1.12, and 1.13 into Equation 1.11 and assuming ~v ? ~Band v �= c gives: d~sdt = ��+ qmc ��1 + 1
��~s� ~B (1.22)If the particles are produced so that the direction of ~s is in a plane perpendicular to~B, Equation 1.15 can be simpli�ed tod�dt = �� + qmc ��1 + 1
��B (1.23)Since v �= c, and therefore dt = dlc we can �nd an expression for the precession angle �in terms of the �eld integral,� = ��c + qmc2 ��1 + 1
�� Z Bdl: (1.24)This expression is for the total precession angle �. However, if we measure the spindirection with respect to the momentum direction of the particle, we must also accountfor the fact that the momentum vector of the particle has precessed through an angle� given by � = q
mc2 Z Bdl (1.25)



12The angle through which the spin precesses relative to the particle's momentumdirection, �, is the di�erence between the total precession angle and the angle throughwhich the momentum precesses which eliminates the dependence on 
.� = ��� = ��c � qmc2� Z Bdl (1.26)With the discovery of polarization in � hyperons produced at high energies [41]it became possible to make precise measurements of hyperon magnetic moments bythe spin precession method. The precession angle can be measured by determiningthe initial and �nal polarization directions. The initial direction of the polarizationwas found to be be perpendicular to the plane formed by the incoming beam and theoutgoing beam (the production plane) as required to conserve parity in the stronginteraction.
hyperon beam

polarization 

production plane

incident beam

production
angleFigure 1.1: Producing polarized hyperons at a production angle.This situation is illustrated in Figure 1.1. The �nal state polarization direction isdetermined by the decay distribution of the �nal decay products. If the initial polariza-tion is along the x-axis, and the magnetic �eld is along the y-axis, then the precessionangle, �, is given by



13� = tan�1 �PzPx�+ n�; (1.27)where Pz is the �nal z-component of the polarization, Px is the �nal state x-component of the polarization, and n is an integer taking into account the possibilityof precession angles greater than 1800. This method has been used for most of theprevious measurements of hyperon magnetic moments. [2, 3, 5, 6, 7, 8]



Chapter 2The ApparatusThere are two ways to produce polarized 
�s - through spin transfer from a beam ofpolarized hyperons, or through some innate polarization from the production processby using unpolarized particles. We constructed a beamline which could run in eithermode. For both of these modes a secondary neutral beam was targeted to produce atertiary negative hyperon beam. This tertiary beam passed through a curved collimatorembedded in a magnet 7.31m in length. When run at maximum current it produced a�eld of 3.33 Tesla and a �eld integral of 24.36 T�m. This magnet served three functions:it provided shielding for the experimental enclosure, selected the charge and momentumof the beam entering the spectrometer, and precessed the hyperon magnetic moment.The hyperons in the beam which survived through the collimator decayed in a spec-trometer which tracked the decay products through a magnetic �eld to measure theirmomenta. These momenta gave the �nal polarization direction of the parent hyperon.2.1 The Primary BeamThe data for this dissertation were taken by experiment E800 at Fermi National Ac-celerator Laboratory in Batavia, Illinois during the 1991-1992 �xed target run. The14



15accelerator delivered 800 GeV/c protons at an intensity of 1013 protons per 20 secondspill with a duty cycle of one minute. After leaving the accelerator the protons wererouted into several beams and delivered to �xed target experiments.E800 used the proton center beamline which transported the primary 800 GeV/cproton beam at intensities between 3:0 � 1010 to 2:5 � 1012 protons/spill. The beamwas transported through enclosures PC1, PC2, which contained vertical and horizontaldipoles and vertical and horizontal focusing quadrople magnets. Finally, the beamentered the PC3 enclosure where it struck a target.
PC3V1

PC3WC2

PC3V2

PC3WC3

T1

PC3SW

PC3WC4

T2

PC3ANA

Upstream
Collimator

Charged
CollimatorFigure 2.1: Schematic of the PC3 enclosure (elevation view) including magnets, targets(T1 and T2) and beam SWIC's (PC3WC2, PC3WC3, and PC3WC4.2.2 Secondary and Tertiary BeamsTo produce a negative hyperon beam of maximum polarization and maximum intensity,the beamline allowed many targeting con�gurations. Electronically controlled hydraulicjacks, target movers and magnet controls allowed targeting angles to be changed from



16the experiment control room.The beamline was designed to bring a focused low angular divergence proton beam(less than 2mm in diameter) to the upstream target and to transport a neutral sec-ondary beam to the downstream target. The low divergence primary beam gave a lowdivergence secondary beam. This con�guration was designed to maximize the trans-mission of the tertiary negative hyperon beam through the charged collimator.A schematic of the PC3 enclosure is shown in Figure 2.1. PC3 housed the dipolesPC3V1, PC3V2 and PC3H, the targets and both collimator channels, the neutral col-limator embedded in PC3SW and the charged collimator contained in the precessionmagnet PC3ANA. The magnets were controlled via the Fermilab Epicure beamlinecontrol software and online CAMAC. The position of the beam was determined usingseveral segmented wire chambers (SWICs) with either 1mm or 2mm pitch. The SWICsproduced a histogram of particle positions on displays in the control room.2.2.1 Targeting DipolesA string of three dipoles, PC3V1 was used to lower or raise the beam. In order tostrike the targets at various production angles the beam was brought back on eitherthe upstream or downstream target by another set of vertical dipoles PC3V2.2.2.2 The TargetsE800 used two Beryllium targets. Beryllium as a target material gives fewer secondarynuclear interactions within the targets than denser targets and is still dense enough toprovide adequate production of hyperons. Beryllium targets give a higher secondaryenergy spectrum with a slightly higher polarization signal, since the polarization signalis not diluted by secondary interactions within the target. The minimal secondaryinteractions also yields higher energy hyperon beams which maximizes the transmissionof the tertiary hyperon beam to the experimental hall.



17The upstream target was mounted with its center 12.1cm in front of the neutralcollimator entrance and centered on the collimator axis. This target was a 6.5mmdiameter rod 15.72cm long. The downstream target was mounted with its center 62.2cmdownstream of the neutral collimator and 13.2cm in front of the charged collimatorentrance and consisted of a 5.15�5.28�141mm3 rod centered on the charged collimatoraxis. These targets were mounted in electronically controlled target carriers, whichallowed target positioning to 0.1mm. The carriers also allowed the targets to be removedfrom the beam.2.2.3 The Neutral CollimatorThe neutral collimator (Figure 2.2) formed a secondary neutral beam and served as abeam dump for the primary proton beam. It was made of brass and tungsten segmentsand was 640cm long with a de�ning aperture 2.54�2.54�914.4mm3. The de�ning aper-ture was 396.24cm downstream from the upstream end of the magnet. This collimatorwas embedded in a 6.0m long B2 main ring dipole with a horizontal �eld, which dumpedthe beam in either the upper or lower tungsten portion of the collimator and reducedbackground muons from entering the experimental hall. This magnet developed a �eldof 1.8 Tesla at a current of 5000 amps. The �eld was oriented perpendicular to theproduction plane at TGT1. Using this orientation the �eld cannot precess to neutralbeam polarization since it is either parallel or anti parallel to the beam polarization.The front and rear of the magnet was mounted on adjustable, electronically controlledjacks to allow the secondary neutral beam to strike the downstream target at nonzeroproduction angles. The jacks were located 55.1cm from the upstream end of the magnetand 51.4cm from the downstream end. The channel angle was thus controlled electron-ically by a CAMAC interface to the Fermilab Epicure system . The motor controls had29,400 and 34,500 counts per inch respectively, which allowed precise and repeatablepositioning of the magnet to better than 0.05mrad.
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Figure 2.2: The E800 Neutral Collimator



192.2.4 The Precession Magnet and Charged CollimatorThe precession magnet was a 7.3 meter long dipole, PC3ANA, which had a magnetic�eld in the vertical direction. A collimator curved in the horizontal plane was embeddedin this magnet to select a negatively charged beam.Table 2.1 shows the �eld integral, RBdl, of PC3ANA at two currents. Figure 2.3shows the �eld integral with respect to the precession magnet current, the data for this�gure was taken from the E756 �eld versus current measurements. Since the precessionmagnet had a sizeable fringe �eld it was necessary to measure the �eld along the entirepath of the particle to calculate the �eld integral. This measurement was done byFermilab E756 with a Hall probe at one or two inch intervals. The Hall probe wascalibrated against a Nuclear Magnetic Resonance probe. Based on the calibration datathe uncertainty of the �eld integral measurement was about 1% [39]. As a check of theE756 measurements the �eld integral was calculated by comparing the cascade magneticmoment measured by E800 to the previously measured value.Current (Amps) Field Integral (T�m) Central Orbit Momentum (GeV/c)750 17:39� 0:17 2852900 24:36� 0:24 393Table 2.1: The R Bdl and central orbit momentum for the 2 currents used in thesweeping magnet.The charged collimator is shown in Figure 2.4. It was constructed from 24 30.48cmbrass sections. The de�ning aperture was 5.08cm�5.08mm2, with bend angle of 18.37mrad,and a central orbit radius of 38.83 meters. For most of the data taking period the mag-net ran at a current of 2900 amperes with a central orbit momentum of 393 GeV/c.2.3 Operating ModesE800 tried several methods to generate a polarized beam. The �rst and easiest of thesewas direct proton production as shown in �gure 2.4a. This mode of production has



20
Figure 2.3: The �eld integral of the precession magnet versus the magnet current. Thesemeasurements were made by fermilab experiment E756.been used in previous experiments [40] and produced only unpolarized 
� hyperons.In this mode there was no neutral secondary beam, and the 800 Gev proton beam struckTGT2 at a production angle and created a negatively charged secondary beam. Theprimary proton beam was bent in the vertical plane by the dipoles PC3V1 and PC3V2to give a production angle. In order to allow transmission of the protons to TGT2 theupstream target was removed and the current in the sweeper dipole PC3SW was set tozero. It was also necessary to align PC3SW for maximum transmission of the beam tothe second target, which we did with the remote controlled jacks at either end of themagnet. Data were taken at production angles of �1.8mrad and 0mrad.In the second mode, which we called spin transfer production, the proton beam struckTGT1 at a vertical production angle. The secondary neutral beam of neutrons, �, K0,
, and �0 hyperons came though PC3SW at maximum current with the channel in theplane of the charged collimator. The neutral hyperons (�s, and �0s) in the secondarybeam were polarized. This polarization has been measured in previous experiments,
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22and is perpendicular to the production plane. [41, 42, 43] It is not known if the neutronsare polarized. The horizontal �eld of PC3SW did not precess the horizontal polarizationof the neutral hyperons since its �eld was parallel to the spin direction. The polarizedneutral beam was targeted on TGT2 at angles of �1.8mrad and 0mrad to create atertiary beam which passed through the charged collimator embedded in PC4ANA,giving a negatively charged beam. This mode is shown in Figure 2.4b.The third mode, was to make an unpolarized neutral beam at TGT1, as diagrammedin Figure 2.4c. We knew this beam was unpolarized since it was produced at 0mr. Thisbeam passed though the neutral channel with PC3SW at maximum current and struckTGT2 at a production angle, similar to proton production but with a neutral secondarybeam substituted for the proton beam. The tertiary beam then passed through thecharged collimator which selected negatively charged particles. Most of the data forthis measurement was taken in this mode at production angles of �1.8 mrad.2.4 The Charged Particle Spectrometer2.4.1 General Design of the SpectrometerThe charged particle spectrometer was designed to measure the position and momentaof the charged particles associated with both the decay sequences 
� ! �K�, �!p��,and, �� ! ���, �!p��. The spectrometer coordinate system was right handed, withthe z-axis along the central beam axis. The y-axis pointed up and the x-axis was de�nedby the cross product of the y-axis into the z-axis. The origin of the coordinate systemwas at the center of the charged collimator exit. A schematic of the apparatus is shownin Figure 2.6.This spectrometer consisted of 8 SSD planes (silicon strip detectors), 4 scintilla-tion counters, 24 MWPC planes (multi-wire proportional chambers), and 2 momentumanalysing magnets (see table 2.2 and �gure 2.5). The analysis magnets were \BM109"
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24(bending magnets 109 inches long) dipole magnets, with the �elds oriented verticallyso charged particles were bent horizontally. In order to reduce the interactions of theparticles, we put helium bags and tubes between the detectors in the apparatus. Us-ing helium instead of air reduced the material in the spectrometer from 2.52�10�1 to9.55�10�2 radiation lengths.The high resolution detectors, the SSDs, determined the parent track. The 1mmpitch MWPCs primarily tracked the K�(��) from the 
�(��) to determine the vertexlocation. In addition the 1mmMWPCs helped resolve particle tracks upstream for threetrack events and improved the angular resolution of the decay product distributions.The 2mm MWPCs were placed downstream to determine the decay product momenta.2.4.2 The Scintillation CountersE800 used four scintillation counters (S1, S2, V1, V2) for triggering on the presence ofcharged particles in the spectrometer. The scintillators S1, and S2 were 0.32cm thickdoped polystyrene. Pulses in these scintillators indicated a particle passing through thespectrometer. V1 and V2 were 0.32 cm thick plastic scintillators positioned outside ofthe beam aperture. A signal from V1 or V2 indicated a particle, or shower of particlesoutside of the nominal beam. The dimensions of these counters are listed in Table 2.2.The high voltage settings and e�ciencies of these counters are listed in Table 2.3. V1and V2 were built using two pieces of scintillator with a hole to allow the beam to passthrough the center. This necessitated using two photomultiplier tubes and bases to giveeven coverage of both sides of the beam aperture. Each side was discriminated usingNIM electronics. These signals were used in the trigger, and also latched and readoutto the data aquisition.



25
V1

V1

V2

V2

C5 C4

C3
S1

C1

PC3ANA

SSDs

PC3SW

TGT1

TGT2C2
S2

+X

+Z

C9

PC4AN1

C10

PC4AN2

C11C12

C8

C7 C6

+Y

Figure2.6:TheE800Spectrometer(PlanView)



26Detector Z-Position Dimensions Thickness Pitch Device Type(cm) x (cm) � y (cm) (cm) (mm)SSD1(x) 74.43 2.8 � 2.8 .0300 .10 SSDSSD2(y) 79.22 2.8 � 2.8 .0300 .10 SSDSSD3(x) 100.97. 2.8 � 2.8 .0300 .10 SSDSSD4(y) 109.97 2.8 � 2.8 .0300 .10 SSDSSD5(x) 129.46 2.8 � 2.8 .0300 .10 SSDSSD6(y) 137.80 2.8 � 2.8 .0300 .10 SSDSSD7(x) 158.43 2.8 � 2.8 .0300 .10 SSDSSD8(y) 166.29 2.8 � 2.8 .0300 .10 SSDS1 360.0 6.35 � 3.81 .32 n/a ScintillationC1(x,y) 560.45 12.8 � 12.8 n/a 1.0 MWPCC2(x,y) 775.41 12.8 � 12.8 n/a 1.0 MWPCV1 800.0 32.38 � 8.89 .32 n/a ScintillationV1(hole) 800.0 11.43 � 6.35 .32 n/a n/aS2 800.0 10.79 � 6.35 .32 n/a ScintillationC3(x,y) 987.35 12.8 � 12.8 n/a 1.0 MWPCV2 1020.0 41.91 � 11.43 .32 n/a ScintillationV2(hole) 1020.0 13.97 � 8.25 .32 n/a n/aC4(x,y) 1510.35 25.6 � 25.6 n/a 1.0 MWPCC5(x,y) 2008.01 25.6 � 25.6 n/a 1.0 MWPCC6(x,y) 2498.77 51.2 � 25.6 n/a 2.0 MWPCC7(u,v) 3012.52 25.6 � 25.6 n/a 2.0 MWPCC8(u,v) 3088.65 51.2 � 51.2 n/a 2.0 MWPCC9(x,y,u) 3697.06 51.2 � 51.2 n/a 2.0 (2.8) MWPCC10(x,y) 4261.18 63.8 � 25.6 n/a 2.0 MWPCC11(x,y) 4840.40 128.0 � 38.4 n/a 2.0 MWPCC12(x,y) 6154.35 128.0 � 38.4 n/a 2.0 MWPCTable 2.2: The z-positions and size of the detectors in the E800 spectrometer.2.4.3 The Silicon Strip Detectors (SSDs)The SSDs were positioned furthest upstream in the spectrometer to allow accuratetracking of the parent hyperon before it decayed. There were eight planes of silicon300�m thick with 280 strips at 100�m pitch (these were manufactured by Hamma-matsu). The SSDs were mounted in specially designed stands which allowed adjust-ment of the individual planes in the x and y directions and rotations about the z-axis.The entire array could also be levelled and adjusted in the vertical direction. The SSD



27stands were bolted to a 0.47�0.62�1.7m3 cement shielding block for stability.Laben model MSP1 preampli�ers ampli�ed the charge (on the order of 1fC) collectedon a strip when a particle passed through the detector, giving an output pulse of1.0- 2.0 mV. The preampli�er output pulses were then ampli�ed and discriminatedby Nanometric N-277 ampli�er cards, with discrimination thresholds set at 0.65 mV.The outputs of the ampli�er cards were latched and read out by the Nanometric N-281 CAMAC readout system. The e�ciency of the individual SSD planes is given inTable 2.3.2.4.4 The Multi-wire Proportional Chambers (MWPCs)The main detectors used in this experiment were multi-wire proportional chambers(MWPCs). The detectors used an ionizing gas of 99.88% argon, 0.12% freon. The gaswas bubbled through Methylal at 0.7� C to quench sparking between the anode andcathode planes. The �nal gas mixture in the chambers was roughly 95% argon, 5%methylal, and 0.12% freon. The gas was fed to each chamber in parallel from the gasdistribution manifold. Back pressure was provided by bubblers �lled with mineral oilon the gas output of the chambers. The bubblers also allowed visual con�rmation thatgas was actually 
owing through the chambers.The cathode planes of the chambers were kept at negative high voltage, which pro-vided the proper electric �eld for ionization. The high voltage settings and e�cienciesof the MWPCs are shown in Table 2.3. The optimal operating voltage for each cham-ber was determined by plotting a curve of relative e�ciency against operating voltageas shown in Figure 2.7. The chambers where constructed with cathode planes \sand-wiched" on either side of a sense plane. Most of these chambers had sense wires orientedin the x and y directions. Chambers C7, and C8 were rotated 45 degrees about thez-axis, which eliminated stereoscopic ambiguities. These rotated planes are known as\u" and \v" planes. U planes gave (x+y) information and v planes were (x-y). C9 had



28a u-plane in addition to the standard x and y planes this plane had a pitch of 2p2mmand operated with a high voltage o�set of 300V to give a gas gain similar to the 2mmpitch planes.Detector Voltage E�ciency Detector Voltage E�ciencyS1 2.15kV 0.98 S2 1.60kV 0.97V1E 1.80kV 0.97 V2E 2.15kV 0.96V1W 1.70kV 0.98 V2W 2.15kV 0.98SSD1 x 36V 0.83 SSD2 y 36V 0.63SSD3 x 36V 0.83 SSD4 y 36V 0.84SSD5 x 36V 0.81 SSD6 y 36V 0.85SSD7 x 36V 0.84 SSD8 y 36V 0.82C1 x/y 2.66kV 0.94/0.93 C2 x/y 2.66kV 0.92/0.94C3 x/y 2.66kV 0.95/0.95 C4 x/y 3.82kV 0.69/0.67C5 x/y 3.83kV 0.93/0.94 C6 x/y 2.94kV 0.98/0.99C7 u/v 2.85kV 0.94/0.98 C8 u/v 2.80kV 0.96/0.98C9 x/y/u 2.91kV/0.45kV 0.96/0.98/0.96 C10 x/y 3.02kV 0.98/1.00C11 x/y 3.03kV 0.95/0.97 C12 x/y 3.15kV 0.96/0.97Table 2.3: The voltages and e�ciencies of the detectors.
Figure 2.7: The plateau curve for chamber 6. The vertical axis is the relative e�ciencyand the horizonal axis is the high voltage in kV. The arrow indicates the operatingvoltage of the chamber.



29The three most upstream chambers used in this experiment C1, C2, and C3 were1mm wire spacing MWPCs manufactured by Fermilab. These chambers used 128 20micron gold-plated tungsten wires in both the x and y cathodes, and 0.127mm thickaluminum foil anodes. The signals from the wires of these chambers were ampli�ed anddiscriminated by Lecroy model 277-CD ampli�er cards. The signals from the ampli�erswere latched and read out by the same Nanometric N-281 CAMAC system as the SSDsused.The rest of the chambers were constructed for previous experiments for the Fermilabhyperon group [3, 4, 5, 6, 8]. Chambers C4 and C5 were large 1mm chambers using 20micron gold-plated tungsten wire for the cathode planes. C4 used 25 micron copper-plated beryllium wire at 0.5 mm pitch for the anodes, while C5 used 0.127mm aluminumfoil anode planes. The rest of the planes used, with the exception of C9, consisted of2mm pitch anode planes of 25 micron gold-plated tungsten wire and cathode planesof 1mm pitch of 50 micron copper-beryllium wires. As stated above C9 had an addi-tional u-plane, which had 2.8mm pitch and was constructed with 20 micron gold-platedtungsten wire cathodes. The anodes used in C9 were 75 micron copper-beryllium wire.The above chambers, C4-C12, used a custom built CAMAC driven readout sys-tem. The signals from the chamber wires were fed directly into chamber mountedampli�er-discriminator-latch cards. The discrimination level for the input pulse wasapproximately 2mV for C5-C9 and 1mV for C10-C12. [44] To allow adequate time fortriggering, the latches used a one-shot delay of 750 nanoseconds. The latches in thechambers formed a sequential chain, starting with the most downstream chamber, C12.The system was readout using a custom built CAMAC interface module. [44]2.4.5 The Analysis MagnetsTwo BM109 dipole magnets with vertical �elds were used to measure the total momentaof the �nal decay products. These magnets were 182cm in length with pole pieces



30170.2 cm in length. The upstream magnet's pole piece was located from 3786.45cm to3956.65cm downstream of the downstream face of the precession magnet. The secondmagnet's pole piece was located 4025.70cm to 4195.9cm downstream of the precessionmagnet face. The magnets were centered in x and y on the z-axis of the experiment.The magnets had an x aperture of 61.0cm. The upstream magnet had a y apertureof 25.4cm, the downstream magnet's y aperture was 30.5cm. The BM109s used 10cmthick iron mirror plates located 30cm from the ends of the pole pieces to reduce thefringe �elds produced by these magnets.The �elds of these magnets were measured using two di�erent techniques. The �rstmethod, known as \Ziptrack II", measured the �eld strength of the magnets at pointsin a three dimensional lattice within the apertures of the magnets. This method allowedcalculation of the �eld integral for several x and y positions in the magnets. During theexperiment we found it necessary to ramp the magnet current. Since the measurementshad to be made with a steady current, we tested the consistency of ramped operationversus steady state operation using isolated \Ziptrack II" measurements at selectedpositions. The tests con�rmed that the di�erence between the two modes was less than0.08% and yielded a combined �eld integral for the two magnets of -4.817 Tm. Thethin lens approximation for this �eld integral gives an e�ective transverse momentum,the \pT kick", of -1.445 � 0.03 GeV/c.The second technique for determining the total �eld integral of the magnets was tosimultaneously �t both the � and �� masses using the reconstruction program. Bythis method the pT kick was found to be -1.465 � 0.02 Gev/c, in good agreement withthe �eld measurement. The �nal measurement used a pT kick value of -1.465 GeV/c.



312.5 The TriggerThe E800 trigger selected events where the charged particles matched the pattern of atopology of a charged particle decaying to two negatively and one positively chargedparticle. In addition to the ��'s and 
�'s the beam through the E800 spectrometercontained ��s, K�s, �ps, es, ��s, and ��+ created at the second target, as well asparticles created in the spectrometer itself through the interaction of beam particleswith material in the beamline.Two triggers were used during data gathering. The �rst was a loose trigger whichwas primarily \one-track" events. It required a coincidence of the 10ns wide signal fromthe beam counter, S2, with a delayed 10ns wide signal from the upstream beam counter,S1. Two sets of veto counters, V1 and V2, were placed just outside the experimentalaperture, which reduced events from beamline interactions. A signal in any of the vetocounters would negate the trigger. This set of requirements gave the one track triggerone � track = S1 � S2 � V 1 � V 2 (2.1)Events satisfying this trigger were prescaled by factors between 1028 and 4096 duringdata taking before they were written to tape. Data satisfying this trigger were used toalign the experiment and study the e�ciencies of the detectors.In order to isolate the �� and 
� candidates a second \three-track" trigger wasdevised. This trigger was based on the topology of the desired decay chains, 
� ! �K�,� !p�� (�� ! ���, � !p��). These decays culminate in two low momentumnegatively charged particles (K�,��) and a single high momentum positively chargedparticle (p). A combination of the one-track trigger and a hit in the negative particleregion of C11, \C11��", and a hit in the positive particle region of C12, \C12proton" givea su�ciently selective trigger. The positions of these regions were initially determinedfrom monte carlo simulations of the experiment. The �nal positions were determined



32from calibration data.three � track = S1 � S2 � V 1 � V 2 �C11� � C12proton (2.2)The signals from trigger elements were 10ns in duration. This gave the trigger a highlevel of selectivity. Table 2.4 shows the rates at several points in the trigger system.This demonstrates the reduction of spurious events included in the sample by the useof the one-track and three-track triggers.Detector or Rates for detectors and triggers in kHzTrigger 0mr neutral +1.8mr neutral +1.8mr spin-transferProtons 1.95�1011 1.74�1012 2.52�1012Livetime 58% 61% 79%S1 59.0 184.5 177.8S2 61.9 181.0 149.1S1�S2 39.5 62.3 18.3V1 176.9 385.9 418.2V2 57.1 287.5 394.8V1+V2 210.1 597.0 787.0one-track 28.9 51.0 11.3C11�� 60.1 213.5 327.3C12proton 41.8 89.4 104.0three-track 1.27 1.63 0.85C6 116.7 466.8 501.1C7 70.2 198.7 186.9C9 137.9 475.4 562.3Table 2.4: The singles rates for various detectors and triggers for three productionmodes at typical running intensities.2.6 The Data Aquisition System2.6.1 Operational OverviewThe E800 data acquisition system was designed to minimize computer generated dead-time and to monitor data quality as the experiment ran. This was accomplished bygathering the data during the 20 second spill-on period, and logging to tape during the



3340 second spill-o� portion of the accelerator cycle.During the spill-on time, when a good trigger was detected, the smart crate controller(SCC) would read out the detectors. The readout started with the 2mm MWPCs, andcontinued to the 1mm MWPCs and SSDs, and then the trigger latches were read intothe SCC. After reading the data from the detectors, the SCC wrote the data to the�rst-in-�rst-out (FIFO) bu�er. Finally the detectors were reset and reenabled. Thiscycle was repeated for each good trigger. The readout time for a typical event wasapproximately 300�s. A typical spill yielded 20,000 to 30,000 triggers with a livetimeof about 60%.During the spill-o� period the data was transferred from the memory module FIFOvia the custom VME-CAMAC interface to the Vax 3200. Fermilab Event Buildersoftware would then transfer the data to the event-pool. Once in the event-pool thedata was logged to tape and some fraction of the data was analyzed using FermilabBu�er Manager software.For logging purposes the data were divided into runs. Each run contained about500,000 events. During data taking, a run was collected in 18-30 minutes. Typicallyten runs were written to a single 8mm tape. Table 2.5 shows the number of triggerstaken under various run conditions.2.6.2 SoftwareThe software used for data aquisition was a subset of the Fermilab Vaxonline system.This package was made available through the Fermilab computing department dataaquisition group. The system has programs which make the working environment easier,and programs that actually control the 
ow of data.The environmental programs consisted of Global Menu, Courier, and Run Control.\Global Menu" is an interface allowing control of several data aquisition programsfrom a single menu driven window. \Courier" allows status messages to be routed over



34Production Angle Current Runs TriggersMode (mrad) (amps)Neutral -0.0 -2900 172 84187513Neutral 0.0 -2900 170 82531343Neutral -1.8 -2900 757 374297889Neutral -1.8 -750 289 142700032Neutral 1.8 -2900 711 346982603Neutral 1.8 -750 308 150467562Spin Transfer -1.8 -2900 171 84086479Spin Transfer 1.8 -2900 182 87777817Table 2.5: The number of runs and three-track triggers taken under various run condi-tions.DecnetTM from the data aquisition computer to another Workstation. \Run Control"coordinates the data acquisition system. It passes data to the programs which do thehardware control and data logging.The data acquisition was done using two of the programs, Event Builder and Out-put. \Event Builder" controlled the link between the hardware and the data acquisitioncomputer. The incoming data were read in by Event Builder and placed in the eventpool, a place in memory accessible to other programs. \Output" took the data fromthe event pool and wrote them to tape. An ancillary program, Bu�er Manager, allowedaccess to the event pool by another Decnet node. By using Bu�er Manager our experi-ment was able to analyze a fraction of the data online, and perform diagnostic tests ofexperimental hardware and software.2.6.3 HardwareThe hardware for data acquisition was driven by a VaxTM 3200 with two 8mm tapedrives. The VaxTM was interfaced to the CAMAC via a Jorway 411. The SCC gatheredthe data from the CAMAC data bus. As the data was gathered from CAMAC, theSCC took control of the CAMAC bus and put the data into a 16 Mbyte VME FIFO



35memory module, which could be read out by the VaxTM via a specially built CAMACto VME interface to the Jorway interface.Several other Digital Equipment CorporationTM VaxTM station model 3100s wereinstalled in the remote counting room. The �rst of these VaxTM stations was used tocontrol data taking by the model 3200 station in another location. Another 3100 wasused for online analysis of a fraction, typically 10%, of the data as it was taken. Thisallowed online rate analysis and detector diagnostics. A third node was used for o� lineanalysis as a further check of data quality.



Chapter 3Event Reconstruction and DataSelection3.1 IntroductionThe three track topology of the decay 
� ! �K�, �!p�� and the similar three trackdecay �� ! ���, � !p�� allow full event reconstruction with only the informationfrom the hits in the MWPC's. The charged particles resulting from the decays werebent in the x-z plane by the momentum analyzing magnets. The particles charge wasdetermined by the direction of bend in the analysis magnets. After the particle trackswere determined by geometric �t to the hits in the MWPCs the track momenta couldbe computed from the bend angles, and the opening angles of the decays could becalculated. This information was used to calculate the parent mass under either the
� or �� decay hypothesis,m2� = m2� +m2proton + 2E�Eproton � 2 ~P� � ~Pproton (3.1)and 36



37m2�;
 = m2�;K +m2� + 2E�;KE� � 2 ~P�;K � ~P� (3.2)where the ~P and E are the particles' three-vector momenta and energies and the mxare the rest masses. The computation of the parent mass is made under the assumptionof the daughter particle identities.3.2 The First PassOur initial pass through the raw data tapes eliminated events that lacked enough infor-mation to be reconstructed as three track events. The data selection criteria used forthis was a simple hit count in the chambers. Table 3.1 shows the percentage of threetrack triggers eliminated by this selection criteria.Criteria Description Percentage of Triggers Eliminatedmore than 2 hits in each of 3 planes of 6,8 62.5more than 3 hits in each plane of 7,8 0.0and more than 2 hits in the 9uplanemore than 2 hits in 2 x-planes of 10,11,12 2.8more than 2 hits in 3 y-planes of 6,7,8,9,10,11,12 5.5Table 3.1: The �rst passThe events which passed these criteria were written to the �rst level data sum-mary or \ds0" tapes. Table 3.2 gives the number of ds0 �le candidates for each beamcon�guration in the data sample.Good single track events, which had two x hits on the upstream and downstream xviews and three hits in the y view, were written to a separate set of tapes to be used forcalibration, and alignment of the spectrometer, as well as possible single track analysis.



38Production Angle Current Runs Triggers Three TrackMode (mrad) (amps) CandidatesNeutral -0.0 -2900 172 84187513 39097574Neutral 0.0 -2900 170 82531343 38000350Neutral -1.8 -2900 757 374297889 110232099Neutral -1.8 -750 289 142700032 45346166Neutral 1.8 -2900 711 346982603 102177861Neutral 1.8 -750 308 150467562 46929723Spin Transfer -1.8 -2900 171 84086479 30240120Spin Transfer 1.8 -2900 182 87777817 34212605Table 3.2: The �rst pass analysis event totals.3.3 Full ReconstructionE800 used three reconstruction strategies to e�ciently reconstruct the three trackevents. The di�erent reconstruction strategies were arranged such that the fastestmethod processed all of the events and the other strategies processed only those eventsnot well determined by the �rst strategy. The successive passes were each more sophis-ticated, and each recovered fewer events, which gave us high reconstruction e�ciencywith minimal computing time.The reconstruction program is shown schematically in Figure 3.1.The �rst step of the procedure applied more hit counting criteria to remove eventswithout enough information to be unambiguously reconstructed. These criteria were:� more than 2 hits in each x-plane of C7, C9, C10, and C11� more than 2 hits in each y-plane of C7, C9, and C10Events meeting the above criteria were passed to the reconstruction routines.The �rst pass of the reconstruction correlates the hits into straight tracks and con-nects the x and y tracks through the u and v view planes. Tracks were �t using �2minimization to make the best hit assignments. The possible tracks were assigned
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Figure 3.1: Schematic diagram of the E800 reconstruction program



40momenta and charges. The proton was assumed to be on the positive track with thesmallest bend angle and the other tracks were assigned to make the best � mass andvertex. The remaining track was assumed to be the K� (��) from the 
� (��) decay.The �rst pass (PASS1) was very fast (0.02s/event) and correctly reconstructed 67.5%of .ds0 level events. The events which failed this level of the reconstruction were char-acterized by missing hit information, or an excess of hits in the chambers due to noise,or by tracks which were too close to each other in the x or y views.We used our monte carlo simulation to study events which PASS1 reconstructedand found a set of criteria we could use to select well reconstructed events for furtheranalysis. These were:� Geometric �2G/degree of freedom < 4.0� Kinematic �2K < 15.0� Reconstructed 
� (��) mass within 15.0 MeV of known mass (for either masshypothesis)Where geometric �2, �2G is the �2 of the straight line �ts for all the tracks in both thex and y views constrained to the two vertex three track topology. The \kinematic" �2,�2K is a �gure of merit for the reconstruction of the � which compares the reconstructed� mass with the known � mass.Events reconstructed by PASS1 but failing these criteria were passed to the secondstage of the reconstruction, PASS2. This reconstruction attempted to make all possiblesets of tracks through the spectrometer. The tracks were constructed by starting withall sets of two hits in the upstream x and y views and adding hits to the track \stubs".Tracks from the upstream and downstream x were joined at the analysis magnet bend-plane and the x and y views were connected using the u and v view information. PASS2di�ered from the PASS1 reconstruction in that an event could have several possible so-lutions. These solutions were evaluated using �2G, the calculated � mass, and either



41the �� or the 
� mass. Using these quantities a single \best" solution was attainedby ranking the solutions in order of �2G/d.f.. All solutions with �2G within 0.2 of thesolution with the lowest �2G/d.f. are then ranked using �2K . The remaining event withthe lowest �2K is the accepted solution. The selection criteria above were applied to theevents again after this stage. Events passing the criteria were written to the candidate,\.ds2" �les.An event failing the criteria after PASS2 entered the third stage of the reconstruction,PASS3. This stage of the reconstruction attempted to separate the �rst daughterparticle, the K� or ��, from the � decay products. After identifying several candidatesfor the upstream track of the K�/�� from the SSD and upstream chamber hits theupstream daughter tracks were constructed through the rest of the spectrometer. Theother possible tracks were �t to a � decay topology. The solutions for the � and theupstream daughter were combined and the parent mass was computed under both decayhypotheses (
�, ��). After this stage the selection criteria were applied again. Eventspassing were written to �les of either �� and/or 
� candidates, events failing this passwere no longer kept in the data set.Table 3.3 shows the percentage of data reconstructed by each pass of the reconstruc-tion. The percentage of correctly reconstructed events was computed from monte-carlosimulated data reconstructed with known solutions. The total e�ciency of the recon-struction for three track events constrained to decay within the decay region was 97/3.4 The Monte Carlo SimulationThe E800 monte carlo simulation program generated events which simulated real dataclosely as possible. The program was used to design the experiment as well as to studythe reconstruction and the data selection criteria used in the analysis. The monte carlois not used in the actual analysis of the data.



42Reconstruction Routine(s) Percentage of Events to .ds2 Percentage CorrectHit count criteria 0.0 |-PASS1 71.8 97.5PASS2 14.3 95.3PASS3 13.9 95.4Total 100.0 96.9Table 3.3: The percentage of .ds0 events reconstructed by various reconstruction rou-tines. An event was reconstructed correctly when there were two or more correctlyassigned hit for each track both upstream and downstream of the analysis magnet inthe x-view and three or more correctly assigned hits for each track in the y-view.Parent particles were created at the downstream target according to a distributionwhich was gaussian in x any and had a exponential z dependence. The parent particleswere tracked through the collimator and allowed to decay using the appropriate lifetimegiven in the Particle Properties Data Book [36]. All unstable daughter particles fromdecays were also allowed to decay.The charged particles were tracked through the spectrometer, and bent in the anal-ysis magnets using the thin lens approximation by adding transverse momentum ap-propriate to each magnet, which was -0.8084 GeV/c for the �rst magnet and -0.6559GeV/c for the second. The ratio of the �elds came from the Ziptrack II measurements.Projecting the particles through the magnets using circular trajectories with appropri-ate fringe �elds gave results identical to those using the computationally faster thinlens approximation.The x and y position of the charged particles were calculated at each MWPC plane,SSD plane and at all scintillation counters. Using the chamber centers from the realdata alignment �les the positions of the particles were digitized to make wire hits. Thepositions at the trigger counters and C11 and C12 were used to check that the eventsatis�ed the trigger. Events which satis�ed the trigger were written to �les in the sameformat as \.ds0" �les which were read by the reconstruction program.The above constituted \perfect" monte carlo, which includes the spectrometer reso-lution but no other e�ects. In reality the experiment was more complicated and many



43other details of the experiment were included in the monte carlo. Chamber ine�cienciesincluding dead and hot wires were measured from data and simulated in the program.Beam associated noise rates were also investigated and fake noise was generated in agaussian cross section as observed in the data. The momenta of the charged particleswere altered slightly by small angle coulomb multiple scattering at each piece of ma-terial, and at wire planes. A list of all the material in the spectrometer was compiledwith the thickness given in radiation lengths. The total amount of material in theexperiment was 9.55�10�2 radiation lengths. We also simulated the fringe �eld of theprecession magnet. We modelled the fringe �eld as~B(z)fringe = �(z0 � z)3 ŷ; (3.3)where � and z0 are parameters determined from measurement of the �eld. We simu-lated the e�ect of this fringe �eld by integrating it and changing the particle momentumby the appropriate pT kick at the point where the particle �rst encounters the �eld.The inclusion of the fringe �eld improved the mass comparison with data.The largest improvement in the monte carlo program was to include �eld variationsin the momentum analysis magnets. We found this e�ect in the data by plotting the ��and � masses for various particle locations at the bend plane of the analysis magnets.The variations were simulated in the monte carlo as a linear fallo� in the �eld as thedistance from the centerline of the magnet increases. We found the x-variation waslarger than the y variation. The variation is given by�By = 0:0003637(x�4:0)2�0:005454(x�4:0)+0:0002857(y�4:0)2�0:003286(y�4:0)(3.4)where �By is the variation in the magnetic �eld in the y-direction, and x and yare the x and y positions of the particles at the bendplane the units are in Tesla andcm. This model of the variation greatly improved the match between the reconstructed



44monte carlo and data masses but does not a�ect the results of the analysis. The masscomparisons are shown in Figures 3.9 and 3.10.
Figure 3.2: The geometric �2G distribution for reconstructed data and monte carlo 
�events. The monte carlo data are shown with the solid lines and the data with dots.The arrow denotes the reconstruction selection criteria.3.5 Background and Data Selection CriteriaMeasuring the magnetic moment of the 
� was complicated by the presence of back-ground events in the data sample. The decay chains 
� ! �K� and �� ! ��� with� ! ��p are very similar and the �� formed the most abundant background to the
�, since the ratio of �� to 
� was 96:1. There were also other backgrounds to the
� sample. The decay 
� ! �0��, with �0 ! ��0, and � ! ��p could trigger theexperiment. The branching ratio for this decay is 28% compared to 67% for the decayunder measurement.We studied ways to reduce these backgrounds by generating large samples of each
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Figure 3.3: The kinematic �2K distribution for reconstructed data and monte carlo 
�events. The monte carlo data are shown with the solid lines and the data with dots.The arrow denotes the reconstruction selection criteria.
Figure 3.4: XT (position in x in cm. of the 
� at the target) distribution for recon-structed data and monte carlo 
� events. The monte carlo data are shown with thesolid lines and the data with dots. The two arrows denote the reconstruction selectioncriteria.
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Figure 3.5: YT (position in y in cm. of the 
� at the target) distribution for recon-structed data and monte carlo 
� events. The monte carlo data are shown with thesolid lines and the data with dots. The two arrows denote the reconstruction selectioncriteria.
Figure 3.6: The 
� vertex distribution for reconstructed data and monte carlo 
�events. The monte carlo data are shown with the solid lines and the data with dots



47
Figure 3.7: The � vertex distribution for reconstructed data and monte carlo 
� events.The monte carlo data are shown with the solid lines and the data with dots
Figure 3.8: The total momentum distribution for reconstructed data and monte carlo
� events. The monte carlo data are shown with the solid lines and the data with dots.
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Figure 3.9: The �-K� invariant mass distribution for reconstructed data and montecarlo 
� events. The monte carlo data are shown with the solid lines and the data withdots. The two arrows denote the reconstruction selection criteria.
Figure 3.10: The �-�� invariant mass distribution for reconstructed data and montecarlo �� events. The monte carlo data are shown with the solid lines and the data withdots. The two arrows denote the reconstruction selection criteria.



49background using the monte carlo. The relative levels of the backgrounds were esti-mated from the trigger acceptance in the monte carlo, and the reconstruction acceptancefor the background samples. We studied the e�ect of various combinations of selectioncriteria on the backgrounds using the reconstructed monte carlo samples.Table 3.4 shows the selection criteria and their e�ects on the backgrounds.Acceptance of Events and Ratio of backgrounds(normalized to 
� ! � K�)Data Selection Criteria �� ! ��� 
� ! �0��Accepted by trigger 96.3 0.104Reconstructed in 
� ds2 �les 10.5 0.0157 � 0.0002Kinematic angle cut 0.0030 � 0.0013 0.0157 � 0.0002Final relative sample content 0.0030 � 0.0013 0.0157 � 0.0002Table 3.4: The ratio of monte-carlo events for various backgrounds compared to 
� ! �K� events accepted and surviving data selection criteria.Because the �� events fell in a well de�ned region of decay angles a kinematic anglecut was quite e�ective. If we plot the cosine of the angle of the K� in the parent particlerest frame under the 
� hypothesis on the vertical axis and the azimuthal angle �K onthe horizontal axis we �nd a well de�ned region containing the �� background events.Figures 3.11 and 3.12 show the distribution for reconstructed monte-carlo 
� and ��events. As one would expect the 
�s are distributed evenly throughout the region, the��s occupy only a small region of the cos�K region. The third plot shows an actualdata sample. Note that the number of 
� is reduced in comparison to the number of��. This is simply the 96:1 ratio of �� to 
� events in the data. The next plot showsthe cos�K � plot for data after the �� region has been cut. The e�ect of the kinematicangle cut is illustrated in Figures 3.15 and 3.16, which show the 
� and �� massesbefore and after the kinematic angle cut has been implemented.The kinematic angle selection criteria reduced the �� ! ��� background to the0.25% level. However, there was still a signi�cant amount of 
� ! �0�� events left inthe sample.Another way to estimate the background in the sample is to look at the tails of the
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Figure 3.11: The cos�K vs �K distribution for reconstructed monte-carlo 
� events.
Figure 3.12: The cos�K vs �K distribution for reconstructed monte-carlo �� events.
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Figure 3.13: The cos�K vs �K distribution for reconstructed data events.

Figure 3.14: The cos�K vs �K distribution for reconstructed data events after thekinematic angle cut.
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Figure 3.15: The �-�� invariant mass distribution for reconstructed data events beforeand after the kinematic angle cut.
Figure 3.16: The �-K� invariant mass distribution for reconstructed data events beforeand after the kinematic angle cut.



53mass distribution for 
� events in the data sample and 
� monte carlo events. Howeversince the monte carlo generates events which reconstruct with a better resolution thanthe real data events we needed to model the resolution di�erences to separate thise�ect from the e�ects of background events. This was accomplished by normalizingthe mass distributions of an essentially background free �� data sample and a sampleof �� monte carlo events. The real �� distribution was divided bin by bin by themonte carlo �� distribution. This gave a multiplicative factor for each bin of the massdistribution. This factor is shown in Figure 3.17 the multiplier obtained from the 
�data and monte carlo distributions is also shown. By multiplying each bin of an 
�monte carlo mass distribution by the resolution correction factor and comparing theresulting mass distribution to the real 
� mass distribution, as shown in Figure 3.18,the number of background events for each bin can be estimated. This method gives atotal background estimate of approximately 3%. This estimate agrees with the estimatefrom the monte carlo background studies from Table 3.4 and we will use the estimatefrom the mass distributions as the actual level of background in the 
� sample.The e�ect of the background and the background elimination cuts on the �nal po-larization and magnetic moment results is discussed in chapter 5.3.6 Reconstructed Samples and Particle YieldsThe reconstructed sample 
� and �� and the approximate yield per proton are inTable 3.5. The samples re
ect the reconstruction selection criteria for both samplesand the background reduction criteria for the 
� sample. The yield estimates weremade using rough estimates of average 
� and �� per data run and approximatenumber of protons delivered to the proton center beamline during the run as measuredby a secondary emission monitor (SEM).
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Figure 3.17: The multiplicative factor determined from the bin by bin division of thedata and monte carlo �� and 
� mass distributions. The similarity in the shapes ofthe two plots indicates that the shape is in fact due to resolution. The di�erence inthe size of the multipliers shows that there is indeed background in the 
� sample andnone in the �� sample.Production RBdl Number of events Yield per incident protonmode (T�m) 
� �� 
� ��Neutral -24.36 266700 29356174 �10�11 �10�9Neutral -17.38 90277 10749346 �8�10�12 �10�9Spin -24.36 28994 2477187 �3�10�12 �3�10�100.0mr -24.36 27837 3694258 �2�10�11 �2�10�9Table 3.5: The total 
� and �� samples and the approximate yields per incidentproton.
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Figure 3.18: The �-K� invariant mass distribution for reconstructed 
� events. Thehistogram is a resolution corrected monte carlo mass distribution. The dots are themass distribution for the entire 
� data sample used for this analysis.



Chapter 4Analysis4.1 Magnetic Moment AnalysisThe magnetic moment in of an 
� precessing in a magnetic �eld in nuclear magnetonsis �
� = mprotone � �R Bdl + �em
��S
� (4.1)where mproton is the proton mass in GeV/c2, e is the magnitude of the electron charge,� is the precession angle in radians, RBdl is the �eld integral of the precession magnetin Tesla-meters, m
� is the 
� mass in GeV and S
� is the 
� spin in units of �h.Using the appropriate values for the constants in the above equation we get,�
� = �1:683� ��:1790 R Bdl + 1� (4.2)In chapter one it was shown that the magnetic moment can be obtained by measuringthe �nal state polarization direction.� = tan�1 �PzPx�+ n� (1:27)56



574.2 Omega Minus and Lambda Polarizations and Angu-lar DistributionsEquations 4.1 and 1.19 show that the measurement of the magnetic moment is a mea-surement of the �nal state polarization components. It can be shown that the �nalstate polarization can be measured by measuring the distribution of the daughter par-ticles [45, 46, 47]. If we consider the distribution of the � in the 
� rest frame fromthe decay 
� ! � + K� we �ndI(�; �) = A(�; �) + �
�B(�; �) (4.3)where � and � are the polar angles of the � direction in the lab coordinate system,�
� is the decay asymmetry parameter of the 
�,and A(�; �) = 2J�1XL=0;Leven LXM=�LnJL0tLMY �LM (�; �) (4.4)is the even parity part of the decay distribution andB(�; �) = 2J�1XL=1;Lodd LXM=�LnJL0tLMY �LM (�; �) (4.5)is the parity non-conserving part of the decay distribution. Where J is the 
� spinand L is the relative angular momentum of the decay products. The YLM are thespherical harmonics. The nJL0 are normalization constants proportional to the Clebsh-Gordan coe�cients and are given bynJL0 = (�1)J�1=2s2J + 14� hJJ 12 12 jL0i (4.6)The tLM are the elements of the spin density matrix related to the expectation values



58of the spin components of the 
�tLM = Xmm0hJmjJLm0Mi�mm0 : (4.7)Where J is the total angular momentum of the 
� in units of �h (3/2), and �mm0 is themm' element of the spin density matrix for the 
�.Since the � polarization, ~P�, is of odd parity the integralZ I(�; �) ~P� � �̂ 1XL=0 LXM=�L YLMd
 (4.8)gives the coe�cients of the multipole expansion for the longitudinal � polarization andwe �nd I(�; �) ~P� � �̂ = �
�A(�; �) + B(�; �) (4.9)where, �̂ is a unit vector in the direction of the � momentum and the de�nitions ofI, A, and B are given above.Similarly the orthogonal components of the polarization are given byI(�; �) ~P� � (X̂ + iŶ ) =(i�
��

�)(2J + 1) 2JXL=1;Lodd LXm=�Ls 2L+ 14�(L(L+ 1))nJL0tLMDLM1(�; �; 0) (4.10)where 

� and �
� are decay parameters of the 
� and the DLM1 are the Wignerrotation matrices. X̂ is de�ned with respect to the laboratory quantization direction,ẑ, as X̂ = �̂� (�̂� ẑ)j�̂� (�̂� ẑ)j (4.11)similarly Ŷ is Ŷ = ẑ � �̂jẑ � �̂j (4.12)



59the relationship between the lab axes x̂, ŷ, and ẑ to X̂ , Ŷ , and �̂ is shown inFigure 4.1.
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Figure 4.1: The relationship of the lab frame (x̂,ŷ,ẑ) to the � frame (X̂,Ŷ ,�̂) showingthe polar angles � and �The vector (rank 1) polarization components can be expressed in terms of the t1Mwith M = -1, 0, or 1 by Px = sJ + 1J �t1�1 � t11p2 � (4.13)Py = isJ + 1J �t1�1 + t11p2 � (4.14)Pz = sJ + 1J t10 (4.15)The decay � ! �� + p proceeds via the weak interaction with a branching ratio of64%. The spacial distribution of the protons in the � frame is



601Np dNpd
p = 14� (1 + �� ~P� � p̂) (4.16)where 
p is the solid angle, ~P� is the direction of the � polarization, and p̂ is theunit vector in the direction of the proton momentum. �� has been measured as +0.642� 0.013 [36]. Since Equation 4.16 is independent of azimuthal angle the distributioncan be expressed in terms of an arbitrary unit vector, n̂, as1Np dNpd cos �p = 14� (1 + �� ~P� � n̂ cos �p) (4.17)where cos �p = n̂ � p̂. By choosing n̂ parallel to the laboratory axes the � polarizationcan be determined. The angular distribution of the proton in the 
� frame is theproduct of the distribution of the � in the 
 rest frame and the proton distribution inthe � frameI�(��; ��)Ip(�p; �p) = 14� (I� + ��I� ~P� � X̂X̂ � p̂+ ��I� ~P� � Ŷ Ŷ � p̂): (4.18)If we express the proton distribution in terms of the angles in the � coordinate systemas shown in Figure 4.2 we can integrate the above distribution over the azimuthal angleof the proton, �p, and the solid angle of the � decay in the 
� frame, 
�, which yieldsthe proton distribution. 1Np dNpd cos�p = 12(1 + �
��� cos �p) (4.19)Projecting the � coordinate system onto the lab system and integrating over �p and
� gives another expression for the proton distribution,1Np dNpd cos�p = 12 �1 + ��(2J + 1)[1 + 2

�(2J + 1)] ~P
� � p̂� (4.20)



61
Y

X

θ

φ

Λ

p

p

p

Figure 4.2: The proton direction in the � coordinate system showing the polar angles�p and �pBy comparing the equation above to Equation 4.14 we can relate the � polarizationto the 
� polarization. The relation is~P� = 12(J + 1) [1 + (2J + 1)

�] ~P
: (4.21)Thus component by component the 
� polarization is proportional to the � po-larization. The value of 

� has not been measured, however time reversal symmetryrequires �
� = 0 and �
� has been measured to be close to zero (�
� = 0.026 �0.026) [36]. Applying the normalization condition,�2
� + �2
� + 
2
� = 1; (4.22)we can surmise that j 

� j = 1. Using this information and setting J = 3/2 for the
� we �nd the following ~P� = ~P
 (4.23)



62for 

� = 1, or ~P� = �0:6 ~P
 (4.24)for 

� = -1. Since the magnetic moment depends only on the ratio of two polar-ization components the measurement is not e�ected by the value of 

� .The proportionality of the 
� and � polarizations, reduces the measurement of �
to the measurement of the polarization components of the daughter �.4.2.1 Lambda PolarizationThe decay distribution for the proton from the decay �! p + �� with respect to thelaboratory axis i, �i is given bydNpd(cos�i) = 12(1 + ��P�icos�i): (4.25)Where P�i is the ith component of the � polarization. If the spatial acceptance of theexperiment was perfect then the components of the � polarization could be determinedby �tting the distribution shown in Equation 4.25 and �nding the best value of P�i .Figure 4.3 shows the cos�p distributions for a sample of 
� events. The distributions arenot linear in all regions of the cos�p distributions. The depleted regions at small anglesin z, which also correspond to the depleted regions in x and y demonstrate the lessthan perfect acceptance of the E800 spectrometer and reconstruction program. Moresophisticated methods of determining the � polarization compensate for the imperfectacceptance of the spectrometer and reconstruction program.4.3 The Acceptance Cancellation MethodThe acceptance cancellation method is motivated by observing that the direction of thepolarization should change with the sign of the targeting angle, while the acceptance
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Figure 4.3: The proton distributions for x,y and z for a sample of 
� events.



64of the spectrometer should, for the most part, remain constant. The distributions forpositive and negative angles N+p and N�p can be expressed asdN+pd(cos�i) = 12�(cos�i; �)(1+ ��P�icos�i) (4.26)and dN�pd(cos�i) = 12�(cos�i; �)(1� ��P�icos�i) (4.27)where �(cos �i,�) is the acceptance factor. If �(cos �i,�) remains the same for bothtargeting angles then the � polarization can be computed from N+ �N�N+ +N�!i = ��P�icos�i (4.28)using a bin by bin subtraction of the distributions.However, since the beam distributions are no the same for both targeting anglesthe acceptance of the spectrometer may not be equal for both positive and negativetargeting angles another method which models the acceptance of the apparatus moreaccurately has been developed.4.4 The Hybrid Monte Carlo TechniqueThe hybrid monte carlo technique generates monte simulated events based on real eventsto map the acceptance in cos�i. The monte carlo events are generated using the sametotal momenta and vertices as the real event and generating a random cos�i between-1 and +1. The monte carlo events are subject to same selection criteria and geometricacceptance as the real events. Monte carlo events are generated such that thirty fakeevents are accepted for each real event. This number of monte carlo events gives astable solution and gives a statistical uncertainty which can be neglected compared tothe statistical error in the data sample.



65For a data sample with zero polarization, ~P� = 0, the monte carlo cos�i distributionsshould match those of the data since they are subject to the same acceptance criteria.If there is a polarization in the data sample the distributions will not match due to theasymmetry in the data distribution from the polarization signal. To correct for thismismatch each fake event is weighted by a factorWijk = 1 + ��P�icos�ijk1 + ��P�icos�ij (4.29)where i refers to the component of the polarization, the subscript j refers to the realevent, and jk refers to the kth monte-carlo event generated from real event j. For eachbin the real and monte-carlo distributions are compared and a �2 is generated for eachbin �2 = (nr � nfNR=Nf )2nr (4.30)where nr and nf are the contents of the bins of the real and fake distributions, andNr and Nf are the total number of real and monte-carlo events. For a given bin nf is:nf =Xjk Wjk (4.31)The total �2 is calculated by summing the �2 for each bin. ��P�i for a giventargeting angle is calculated by minimizing the total �2 with respect to ��P�i . Theerror in the polarization is calculated by �nding the values of P�i on either side of theminimum �2 which increase the �2 by 1.4.4.1 Analysis Selection CriteriaIn using the hybrid monte carlo technique there is a possibility that the fake events gen-erated by the program may not be completely representative of the data events. Thereare two possible sources of this problem. First the reconstruction could reconstruct



66some data events into the wrong cos� bin. Figure 4.4 shows the di�erence between thegenerated and reconstructed cos �p for all axes. The plots have a logarithmic scale andindicate that 99.5% of the events are reconstructed into the correct cos� bin.The second possibility is that some classes of data events are not accepted andreconstructed with 100% e�ciency. In most cases these are events which have smallspatial separation in the chambers and thus are close to the small angle resolution of theapparatus and reconstruction program. This creates a situation where there is an excessof fake events in some cos� bins and results in very high �2 for the asymmetry �ts. Bydigitizing the tracks for the fake events we can select events where the tracks are wellseparated in the chambers for both the data and hybrid monte-carlo fake events. Theseselection criteria are chosen by studying the cos�p distributions for the fake and realevents in the small angle bins. The e�ects of these selection criteria on the polarizationand magnetic moment results will be discussed in the systematic studies section ofChapter 5.4.4.2 Biases and PolarizationIn general, the asymmetries computed using the hybrid monte carlo technique maybe composed of two terms, the polarization signal, which changes sign with targetingangle, and a \bias" term, which does not change sign. The bias term is due to unknownimperfections in our knowledge of the acceptance of the apparatus and reconstructionprogram. The measured asymmetry, A�i , can be expressed asA�i = Bi � ��P�i (4.32)where the Bi are the bias components and the � indicates the positive or negativetargeting angle. The polarization and bias components can be computed by �nding thedi�erence and sum of the signals from the positive and negative targeting angles in the
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Figure 4.4: The di�erence between the generated and reconstructed cos�p for x, y, z.



68following manner: ��P�i = A+i �A�i2 (4.33)and Bi = A+i +A�i2 (4.34)Using Equation 4.31 to compute the � polarization cancels the bias terms. Equa-tion 4.32 gives the bias terms themselves, which indicate how well the acceptance ofthe apparatus, trigger, and reconstruction have been reproduced in the hybrid montecarlo. The biases tend to depend on the 
� momentum as shown in Figure 5.2. Thisdependence is the result of the relationship between the parent momentum and theopening angle of the � decay.4.5 Performance of the Polarization AnalysisThe performance of the polarization analysis can be judged by using unpolarized andpolarized monte carlo samples and comparing the input and output polarizations. Ta-ble 4.1 shows the input and output polarizations for two samples of monte carlo 
�.These samples were analyzed directly without invoking the reconstruction program.This was accomplished by tapping out the generated momentum vectors and decayvertices for each event and reading these quantities directly into the polarization anal-ysis. Table 4.2 contains the same data but the analysis includes output resulting fromreconstructing the events and inputting the resulting momentum vectors and verticesinto the analysis program. Both of the results agree with the input polarizations towithin statistical uncertainties.4.6 The Master FitIt is possible to combine several samples of data taken in di�erent targeting modes orwith di�erent precession �elds by minimizing the �2 given by



69Input Component Output Bias �2Polarization Polarization + -0.000 x 0.0050�0.0045 0.0037�0.0045 28.0 12.70.000 y -0.0034�0.0049 -0.0043�0.0049 21.5 33.40.000 z -0.0014�0.0053 0.0029�0.0053 15.2 9.40.016 x 0.0177�0.0037 -0.0032�0.0042 17.5 9.20.000 y 0.0051�0.0040 0.0007�0.0040 23.6 19.70.022 z 0.0263�0.0043 0.0042�0.0043 25.1 16.0Table 4.1: The input and output polarizations, biases, and �2's for unreconstructed 
�monte-carlo samples. The �2's are based on 19 degrees of freedom for the 20 cos �p binsin each view.
Input Component Output Bias �2Polarization Polarization + -0.000 x -0.0027�0.0061 0.0218�0.0061 41.6 18.40.000 y -0.0026�0.0067 -0.0004�0.0067 40.1 34.90.000 z 0.0018�0.0073 0.0269�0.0018 20.1 15.10.016 x 0.0206�0.0050 0.0043�0.0050 24.0 34.50.000 y 0.0075�0.0055 0.0044�0.0055 35.7 30.20.022 z 0.0270�0.0059 0.0107�0.0059 19.7 21.9Table 4.2: The input and output polarizations, biases, and �2's for reconstructed 
�monte-carlo samples. The �2's are based on 19 degrees of freedom for the 20 cos �p binsin each view.



70�2 =Xij  Pxij � Ptgtijcos�j�2xij !2 +  Pzij � Ptgtijsin�j�2zij !2 ; (4.35)with �j related to the precession angle by Eq. 1.26. Ptgtij is the initial polarizationat the target, which does not depend on the precession �eld but does change with pro-duction method. Pxij and Pzij are the measured x and z polarization components and�2xij and �2zij include uncertainties from Pxij and Pzij . The sum is over i productionmethods, j �eld integrals. By constraining the magnetic moment to be the same for allsamples, the data from various samples was combined to generate a single magnetic mo-ment result. Errors were found by varying the magnetic moment until the �2 increasesby one from the minimum value.



Chapter 5Results and SystematicUncertainty Studies5.1 Omega Minus Polarization ResultsAll the data for this dissertation were reconstructed and analyzed for polarization usingthe analysis programs described in the previous chapters. The data samples whichcomprise the �nal 
� data set are listed in Table 5.1.Production mode RBdl (T�m) Targeting angles (mr) 103 eventsNeutral -24.36 �1.8 166.5Neutral -17.38 �1.8 50.1Spin Transfer -24.36 �1.8 18.30.0mr -24.36 0.0 17.5Table 5.1: The data sets making up the �nal 
� data sample.Table 5.2 gives the measured polarization, biases, and �2 for four momentum bins,for the neutral production sample (RBdl = -24.36 T�m) using the hybrid monte carlotechnique as a function of momentum. Table 5.3 gives the momentum averaged valuesfor each of the data samples.The polarization results for the momentum bins for the neutral production sample71



72Mom. (GeV/c) View Polarization Bias �2103 Events ��P� + -348 x 0.0215�0.0092 -0.0092�0.0092 17.8 23.131.3 y -0.0005�0.0097 0.0151�0.0097 38.5 32.3z 0.0255�0.0115 0.0208�0.0115 19.4 11.0380 x 0.0048�0.0084 0.0086�0.0084 28.8 19.335.6 y 0.0125�0.0094 0.0363�0.0094 18.3 26.2z 0.0204�0.0101 0.0394�0.0101 15.1 37.9403 x 0.0207�0.0090 -0.0006�0.0090 16.6 21.231.2 y 0.0117�0.0099 -0.0042�0.0099 12.0 17.7z 0.0311�0.0103 0.0524�0.0103 8.8 19.4443 x 0.0272�0.0086 0.0150�0.0086 28.4 36.333.2 y 0.0065�0.0090 0.0088�0.0090 34.4 18.3z 0.0149�0.0100 0.0766�.0100 46.7 42.7Table 5.2: The measured 
� polarizations, biases, and �2's for the neutral productionsample with RBdl = 24.36�0.24 T m. The �2's are based on 20 degrees of freedom forthe 20 cos �p bins in each view.Sample type Mom. (GeV/c) View Polarization Bias �2103 Events ��P� + -Neutral 393 x 0.0179�0.0044 0.0044�0.0044 22.3 42.5Prod. 166.5 y 0.0073�0.0048 0.0141�0.0048 15.3 32.8(-24.36) z 0.0218�0.0053 0.0496�0.0053 27.2 36.2Neutral 282 x 0.0186�0.0083 -0.0032�0.0083 6.0 15.1Prod. 50.2 y 0.0072�0.0093 0.0263�0.0093 13.4 30.8(-17.48) z 0.0140�0.0109 -0.0182�0.0114 33.0 30.0Spin- 393 x -0.028�0.013 0.010�0.013 15.2 22.9transfer 18.3 y 0.007�0.014 -0.008�0.014 25.7 36.5Prod z -0.034 �0.016 0.043�0.016 12.2 23.5393 x -0.006�0.014 -0.008�0.014 29.7 21.20.0mr 19.6 y -0.009�0.015 -0.001�0.015 4.6 14.6Prod z -0.017 �0.016 0.034�0.016 24.1 19.6Table 5.3: The momentum averaged measured 
� polarizations, biases, and �2's forthe three production methods. The �2's are based on 20 degrees of freedom for the 20cos �p bins in each view.



73(RBdl = -24.36) and the momentum averaged values for all four con�gurations areshown in Figure 5.1. The biases are shown in Figure 5.2.5.2 Omega Minus Magnetic Moment ResultsIn order to combine the three samples for which the magnetic moment measurementis relevant we used the master �tter as discussed in Section 4.6. This analysis gives amagnetic moment of �
� = -2.024�0.056�Nwith a �2 of 1�10�3 for two degrees of freedom. The error given is purely statisticalbased on a variation of �2 by one. The error is consistent with that expected from thenumber of events and the polarization of the sample.5.2.1 Higher Order Precession AnglesThe precession angle and magnetic moment from a single �eld measurement, can onlybe determined to �n� where n is a positive integer. Thus the magnetic moment resultspresented above are the lowest order results. The best way to remove the uncertaintyof �n� in the precession angle is to �t the data using various �eld integrals to a singlemagnetic moment value by making a linear �t of precession angle versus precession �eldvalue constrained to have zero precession for zero �eld. Table 5.4 gives precession angleand RBdl data for this measurement and a previous measurement.Table 5.5 shows �2 (per degree of freedom) values for various n values for a �t usingthe two �eld integrals from this experiment as well as those using measurements froma previous experiment. By using the data from Fermilab E756 we are able to concludethat the lowest order solution (n=0) is indeed the correct solution.
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Figure 5.1: The polarization signals in x, y, z vs. momentum for the neutral productionsample with RBdl = -24.36 and the momentum averaged results for the four datasamples analyzed using the hybrid monte carlo technique
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Figure 5.2: The biases in x, y, z vs. momentum for the neutral production sample withRBdl = -24.36 and the momentum averaged results for the four data samples.



76Experiment RBdl (T�m) � (Radians)E800 neutral -24.36�0.24 0.88�0.17E800 spin -24.36�0.24 0.88�0.32E800 neutral -17.48�0.17 0.65�0.43E756 -19.53�0.19 0.58�0.42E756 -14.77�0.15 0.34�0.46Table 5.4: The �eld integrals RBdl and precession angles (�) for Fermilab E800 andFermilab E756 
� magnetic moment measurements.n �2/d.f. �2/d.f.(n�) (E800 data) (E800 and E756 data)0 0.001 0.063+1 2.08 2.38-1 1.92 3.69+2 8.18 10.92-2 7.85 13.26Table 5.5: The �2 per degree of freedom for the linear � vs RBdl using E800 data onlyand using E756 and E800 data.Figures 5.3, and 5.4 show the data points and the best �t line for � vs RBdl for bothcases.5.3 Systematic StudiesIn order to study systematic e�ects in the magnetic moment analysis we made use ofthe subsets of the 
� data sample and monte carlo event samples.The magnetic moment results were also determined from the ration of the x and zpolarization components from each subsample of the data. Table 5.6, gives the lowestorder precession angle, � for the neutral production data sample (RBdl = -24.36 T�m)for four momentum bins as well as the magnetic moment result �
� for each momentumbin. The statistical errors for the measurements are given by�� = "P 2x (�Pz)2 + P 2z (�Px)2(P 2x + P 2z )2 #1=2 (5.1)
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Figure 5.3: The precession angle � vs. the precession �eld (RBdl) for the three polarizeddata samples from this measurement. The best �t line (constrained through 0), whichcorresponds to the �rst order (n=0) solution.
Figure 5.4: The precession angle � vs. the precession �eld (RBdl) for the three polarizeddata samples from this measurement and the two points from the previous measurement(E756). The best �t line, which corresponds to the �rst order (n=0) solution.



78with Px and Pz the x and z polarization and their errors, �Px and �Pz , determinedby the methods given in Chapter 4.The statistical error in the magnetic moment is given by��
 = 2mpcS
e�h 1R Bdl�� (5.2)where mp is the proton mass, S
 is the spin of the 
�, and RBdl is the �eld integralin Tesla�meters. Mom. (GeV/c) � �
�103 Events (radians) (�n)34842.4 0.869�0.307 -2.018�0.11938042.5 1.341�0.407 -2.200�0.15740337.2 0.983�0.252 -2.062�0.09744344.3 0.501�0.311 -1.878�0.120Table 5.6: The precession angles (�) and 
� magnetic moment results for the neutralproduction sample at RBdl = 24.36 T�m.Sample type Mom. (GeV/c) � �
�103 Events (Radians) (�n)Neutral 393Prod. (-24.36) 166.5 0.881�0.169 -2.023�0.065Neutral 282Prod. (-17.48) 50.2 0.647�0.432 -2.031�0.232Spin-transfer 393Prod (-24.36) 18.3 0.879�0.324 -2.022�0.125Table 5.7: The momentum averaged measured precession angles (�) and 
� magneticmoment results for the three production methods.Figure 5.5 shows the relationship between the magnetic moment and the 
� momen-tum for the four momentum bins of the neutral production data (RBdl = -24.36 T�m)and the momentum averaged results for all four data samples. The magnetic moment



79results for all subsamples of the data set agree to within statistical errors and give noindication of momentum dependence for the magnetic moment measurement.
Figure 5.5: The magnetic moment results vs. momentum for the neutral productionsample with RBdl = -24.36 T�m and the momentum averaged results for the four datasamples.5.3.1 The E�ect of the Selection CriteriaThe data was analyzed with tighter mass and �2/d.f. criteria to study the systematice�ect of the reconstruction selection criteria. Table 5.8 shows the e�ect of tighteningthe mass criteria from �15 MeV to �7.5 MeV on the momentum averaged results forthe four 
� data samples, as well as the master �t result. Table 5.9 shows the e�ect oftightening the �2G/d.f. criteria from 4.0 to 3.0 and the �2K criteria from 15.0 to 10.0.The overall master �t results for each of the three cases are shown in Table 5.10.Comparison of Tables 5.8 and 5.9 with the polarization and magnetic moment resultsgiven in Sections 5.1 and 5.2 show that the variation of the results with the changesin selection criteria are less than the 1� statistical errors of the individual points. Themaster �t results shown in Table 5.10 vary by about one half of a standard deviation.



80Sample Mom. (GeV/c) View Polarization � �
�type 103 Events ��P� radians �Nneutral 352 x 0.0191�0.0098prod. 37.9 y 0.0028�0.0103 0.955�0.323 -2.051�0.125(-24.36) z 0.0269�0.0123neutral 380 x 0.0075�0.0088prod. 38.6 y 0.0124�0.0099 1.157�0.489 -2.130�0.189(-24.36) z 0.0171�0.0106neutral 403 x 0.0179�0.0094prod. 34.2 y 0.0155�0.0103 1.092�0.250 -2.105�0.096(-24.36) z 0.0345�0.0108neutral 438 x 0.0268�0.0090prod. 40.3 y 0.0015�0.0095 0.588�0.310 -1.910�0.120(-24.36) z 0.0179�0.0104neutral 393 x 0.0174�0.0046average 151.0 y 0.0076�0.0050 0.9219�0.173 -2.039�0.067(-24.36) z 0.0230�0.0055neutral 282 x 0.0207�0.0086prod. 36.8 y 0.0076�0.0050 0.6822�0.388 -2.050�0.209(-17.48) z 0.0230�0.0055spin 393 x -0.0228�0.0137transfer 17.0 y 0.0040�0.0149 0.988�0.352 -2.065�0.136(-24.36) z -0.0346�0.01650.0mr 393 x -0.0016�0.014417.0 y -0.0079�0.0155 |{ |{(-24.36) z -0.0208�0.0172Table 5.8: The measured 
� polarizations, precession angles, and magnetic momentfor four momentum bins of neutral production sample with RBdl = 24.36 T�m andmomentum averaged results for the four data data samples. This analysis used thetight mass cuts at �7.5 MeV.



81Sample Mom. (GeV/c) View Polarization � �
�type 103 Events ��P� radians �Nneutral 352 x 0.0206�0.0095prod. 39.4 y 0.0031�0.0100 0.985�0.280 -2.063�0.108(-24.36) z 0.0310�0.0122neutral 380 x 0.0078�0.0087prod. 39.6 y 0.0102�0.0097 1.194�0.424 -2.144�0.164(-24.36) z 0.0198�0.0106neutral 403 x 0.0207�0.0093prod. 34.7 y 0.0179�0.0102 0.970�0.267 -2.058�0.103(-24.36) z 0.0303�0.0108neutral 438 x 0.0304�0.0089prod. 40.4 y 0.0016�0.0093 0.517�0.277 -1.883�0.107(-24.36) z 0.0179�0.0104neutral 393 x 0.0196�0.0046average 155.0 y 0.0075�0.0049 0.874�0.163 -2.020�0.063(-24.36) z 0.0234�0.0055neutral 282 x 0.0204�0.0086prod. 46.0 y 0.0048�0.0097 0.8312�0.333 -2.130�0.179(-17.48) z 0.0223�0.0116spin 393 x -0.0286�0.0137transfer 16.9 y 0.0079�0.0149 0.873�0.336 -2.020�0.130(-24.36) z -0.0341�0.01660.0mr 393 x -0.0031�0.014016.3 y -0.0071�0.0151 |{ |{(-24.36) z -0.0177�0.0171Table 5.9: The measured 
� polarizations, precession angles, and magnetic momentfor four momentum bins of neutral production sample with RBdl = 24.36 T�m andmomentum averaged results for the four data data samples. This analysis used thetight �2G/d.f. cuts at 3.0/d.f. and �2K 10.0sample �2G/d.f. �2K mass cut (Mev) �
�(�N)Normal 4.0 15.0 �15.0 -2.024�0.056Tight mass 4.0 15.0 �7.5 -2.044�0.057Tight �2K and �2G/d.f. 3.0 10.0 �15.0 -2.028�0.054Table 5.10: The master �t results for the analysis using three selection criteria.



825.3.2 Sample ContaminationThe selection criteria for the 
� sample were discussed in Chapter 3. Several methodswere used to study the e�ect of the twomajor backgrounds on the magnetic moment andpolarization results. The tightened mass selection criteria reduced both the �� ! ���and 
� ! �0�� backgrounds by a factor of two. The result of this study, shown inTables 5.8, and 5.10 indicates that a reduction of these backgrounds did not e�ect themeasurement.To further study the e�ect of the �� background we allowed a fraction of ��s to\bleed-through" into the data sample. By randomly allowing 0.003 of the �� eventsthrough the kinematic angle cut a background level of 2.5% was added to the datasample. The results from analyzing this polluted data sample are shown in Table 5.11.Since the level of 
� ! �0�� in the data sample cannot be increased signi�cantlyby the technique used to study the �� background, it was necessary to create a montecarlo sample of 
� ! �0�� events. The generated background events were combinedwith a sample of monte carlo generated 
� ! � K� roughly 3.3 times larger thanthe data sample under analysis for this measurement. Table 5.12 shows the inputpolarization, the output polarization, and the calculated magnetic moment for variouslevels of pollution by this background.The worst case estimate for total contamination of the 
� sample gives a pollutionlevel of about 3%. These studies indicate that the results of this analysis are une�ectedby contamination levels at least four times larger than those present in the data sample.5.4 Internal Checks5.4.1 Consistancy ChecksThere are several internal checks available to us in this analysis. For some subset ofthe data, spin transfer and 0.0mr production, the beam is in the same place in the



83Sample Mom. (GeV/c) View Polarization � �
�type 103 Events ��P� radians �Nneutral 352 x 0.0224�0.0091prod. 43.6 y 0.0065�0.0096 0.828�0.310 -2.003�0.120(-24.36) z 0.0244�0.0114neutral 380 x 0.0077�0.0083prod. 43.5 y 0.0097�0.0096 1.165�0.443 -2.133�0.171(-24.36) z 0.0179�0.0099neutral 403 x 0.0199�0.0085prod. 38.3 y 0.0086�0.0098 0.962�0.269 -2.054�0.104(-24.36) z 0.0285�0.0102neutral 438 x 0.0245�0.0085prod. 44.4 y 0.0054�0.0089 0.544�0.333 -1.893�0.129(-24.36) z 0.0148�0.0099neutral 393 x 0.0181�0.0044average 170.7 y 0.0073�0.0047 0.843�0.175 -2.008�0.067(-24.36) z 0.0203�0.0052neutral 282 x 0.0155�0.0082prod. 51.8 y 0.0022�0.0092 0.700�0.481 -2.06�0.258(-17.48) z 0.0130�0.0107spin 393 x -0.0268�0.0130transfer 18.7 y 0.0139�0.0142 0.881�0.337 -2.023�0.130(-24.36) z -0.0324�0.01570.0mr 393 x -0.0052�0.013418.0 y -0.0109�0.0144 |{ |{(-24.36) z -0.0110�0.0160Table 5.11: The measured 
� polarizations, precession angles, and magnetic momentfor four momentum bins of neutral production sample with RBdl = 24.36 T�m andmomentum averaged results for the four data data samples. These samples have 2.5%�� events included in the sample.
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m c Level of 
� ! �0�� contaminationmom. view input 0.00 0.043 0.129(GeV/c) � ��P� ��P� ��P� ��P�x 0.016 0.028 � 0.005 0.023 � 0.005 0.019 � 0.005352 y 0.000 -0.003 � 0.006 -0.002 � 0.005 0.001 � 0.005z 0.023 0.027 � 0.006 0.027 � 0.006 0.021 � 0.006� -2.050 -2.015 � 0.063 -2.019 � 0.061 -2.005 � 0.071x 0.016 0.019 � 0.005 0.018 � 0.005 0.017 � 0.004380 y 0.000 0.002 � 0.005 0.001 � 0.005 0.001 � 0.005z 0.023 0.027 � 0.006 0.026 � 0.005 0.024 � 0.005� -2.050 -2.054 � 0.057 -2.052 � 0.060 -2.051 � 0.061x 0.016 0.014 � 0.005 0.015 � 0.005 0.015 � 0.005403 y 0.000 0.008 � 0.006 0.008 � 0.006 0.009 � 0.006z 0.023 0.024 � 0.006 0.023 � 0.006 0.022 � 0.006� -2.050 -2.083 � 0.083 -2.072 � 0.074 -2.055 � 0.075x 0.016 0.015 � 0.005 0.015 � 0.005 0.014 � 0.005438 y 0.000 0.007 � 0.005 0.006 � 0.005 0.007 � 0.005z 0.023 0.018 � 0.005 0.018 � 0.005 0.017 � 0.005� -2.050 -2.024 � 0.083 -2.017 � 0.083 -2.022 � 0.086x 0.016 0.018 � 0.002 0.018 � 0.002 0.017 � 0.002Avg. y 0.000 0.003 � 0.003 0.003 � 0.003 0.004 � 0.003393 z 0.023 0.024 � 0.003 0.023 � 0.003 0.021 � 0.003� -2.050 -2.040 � 0.035 -2.036 � 0.034 -2.031 � 0.037Table 5.12: The input and analyzed polarizations for monte carlo 
� neutral productionevents with increasing levels of 
� ! �0�� pollution.



85apparatus for all data samples. Under these conditions we could analyze the dataunder the assuption of acceptance cancellation for the positive and negative productionangles. The acceptance cancellation analysis allows a check of the 
� polarization andmagnetic moment results by direct comparison without the intervention of the hybridmonte carlo.Further we observed in Chapter 1 that a non-zero y component of the polarizationviolates parity symmetry in the strong interaction since the polarization would not beperpendicular to the production plane. The hybrid monte carlo results presented inSection 5.1.1 show no signi�cant polarization in the y view. There is also no signi�cantpolarization in the 0.0mr data sample. Such a signal could indicate a false signal orsystematic error in the data.As another check we made a high precision measurement of �� target polarizationand magnetic moment, which allowed us to compare those results to the existing resultsfor those quantities.5.4.2 Acceptance Cancellation ResultsThe four data samples were also analyzed using the acceptance cancellation technique asdescribed in Chapter 4. While this technique is not as robust with respect to mismatchesbetween positive and negative angle acceptance as the hybrid monte carlo method it isa complementary analysis and useful for comparison. Table 5.13, gives the results forthis analysis on the neutral production sample (RBdl = -24.36 T�m). Table 5.14 givethe momentum averaged results for all four samples.There are some interesting features in the acceptance cancellation results. Firstthere is a y polarization signal for the neutral data sample, while for the spin transferand 0.0mr data there is none. This is a demonstration of the shortcomings of this typeof analysis. The neutral beam mode probes di�erent spectrometer regions for positiveand negative production angles, while the location of the beam is fairly constant for



86Mom. (GeV/c) View Polarization � �
�103 Events ��P� (radians) �N352 x 0.0224�0.006766.1 y 0.0261�0.0065 0.686�0.0124 -1.948�0.094z 0.0183�0.0073380 x 0.0169�0.006859.6 y 0.0380�0.0072 0.850�0.275 -2.011�0.106z 0.0192�0.0073403 x 0.0214�0.007452.4 y 0.0396�0.0076 0.879�0.224 -2.022�0.086z 0.0259�0.0077438 x 0.0320�0.006468.9 y 0.0266�0.0066 0.429�0.191 -1.849�0.074z 0.0146�0.0068Table 5.13: The measured 
� polarizations, precession angle and magnetic momentfor the neutral production sample with RBdl = 24.36�0.24 T�m using the acceptancecancellation method.Sample Mom. (GeV/c) View Polarization � �
�type 103 Events ��P� (radians) �NNeutral 392 x 0.0224�0.0034Prod. 247.1 y 0.0320�0.0035 0.659�0.124 -1.937�0.048(-24.36) z 0.0174�0.0036Neutral 282 x 0.0149�0.0058Prod. 82.5 y 0.0237�0.0061 0.600�0.348 -2.006�0.187(-17.48) z 0.010�0.0065Spin 393 x -0.0264�0.0104Trans. 26.8 y 0.0015�0.0105 0.938�0.237 -2.142�0.092(-24.36) z -0.0360�0.01090.0m.r 393 x -0.0022�0.010533.2 y -0.0008�0.0107 |{ |{(-24.36) z -0.0178�0.0112Table 5.14: The momentum averaged measured 
� polarizations, precession angles, andmagnetic moments for the four data samples analyzed using the acceptance cancellationmethod.



87both targeting angles in spin transfer mode, and is unchanged for 0.0mr production.We can conclude that the y polarization signal in the neutral production data sets is afalse signal introduced by non-cancellation of the spectrometer acceptance.For the spin-transfer and 0.0mr samples the polarization and magnetic moment re-sults are in good agreement with those of the hybrid monte carlo analysis. Figure 5.6shows the asymmetry histograms for the x,y, and z polarization components for the neu-tral production sample at RBdl = -24.36 T�m, the lines on the plot are the asymmtriesresulting from the hybrid monte carlo analysis. However, the momentum average resultfor neutral production for �
� is about 1.3� lower than the hybrid monte carlo result.Again this is probably caused by the di�erent beam positions for positive and negativeproduction angle in this data set. The precession angle and the x and z polarizationresults are all within 1� of the hybrid results. In this case the acceptance cancellationz polarization is almost 1� low and the x polarization is almost 1� high producing alarge error in the magnetic moment result.5.4.3 Cascade Minus ResultsIn order to check the systematic e�ects in the data we made use of not only the 
�sample but also the �� sample. Using the more numerous �� events it is possible tomake many subsets of the data with statistics comparable to the entire 
� data set.The analysis of these subsets tests systematic e�ects within the data to higher precisionthan is available by studying the 
� sample alone. Table 5.15 and 5.16 give the ��polarizations for four momentum bins for -24.36 T�m neutral and spin transfer produc-tion methods. The two results presented compare an analysis with and without thekinematic angle criteria see section 3.5. This allows a study of the systematic e�ect ofthis selection criteria on a sample that has very small background levels. The neutralproduction �� sample is unpolarized while the spin transfer production sample is po-larized at the 15� to 20� level. Both of these samples are una�ected by the kinematic
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Figure 5.6: The x, y, and z asymmetry histograms for the neutral production 
� sampleat RBdl = -24.36 T�m. The lines show the asymmetry result from the hybrid montecarlo analysis.



89Mom. (GeV/c) View cos�K vs. � no cos�K vs. �103 Events ��� (�N) ��P� ��P�352 x 0.0077�0.0040 0.0097�0.0042225.4 y 0.0099�0.0043 0.0071�0.0045212.0 z -0.0043�0.0048 -0.0064�0.0050��� -0.643�0.020 -0.656�0.018380 x -0.0038�0.0038 -0.0056�0.0040262.3 y 0.0010�0.0039 0.0034�0.0041241.8 z -0.0073�0.0044 -0.0061�0.0046��� -0.629�0.010 -0.627�0.010403 x 0.0029�0.0048 0.0004�0.0051194.8 y -0.0017�0.0045 -0.0053�0.0048176.2 z 0.0032�0.0053 0.0014�0.0055��� -0.624�0.014 -0.604�0.013443 x 0.0114�0.0039 0.0072�0.0041267.5 y 0.0090�0.0039 0.0020�0.0041241.5 z 0.0039�0.0046 -0.0009�0.0048��� -0.613�0.008 -0.623�0.008Avg.= 393 x 0.0049�0.0020 0.0033�0.0021949.8 y 0.0046�0.0021 0.0021�0.0021872.0 z -0.0012�0.0024 -0.0031�0.0025��� -0.627�0.006 -0.630�0.006Table 5.15: The measured �� polarizations the neutral production sample with andwithout the kinematic angle criteria RBdl = -24.36�0.24 T m.angle criteria at the 1� error. Since the statistical signi�cance of these samples areat least a factor of 10 higher than the 
� samples there is strong evidence that thekinematic angle cuts have no signi�cant e�ect on the 
� polarization results.The �� also allows us to check the analysis by direct comparision of a �� magneticmoment result. This analysis used four spin transfer production �� samples of roughlyequal size. Each of these samples was approximately 2.5 times as large as the �nal 
�sample and was analyzed using the same reconstruction and magnetic moment analysisas was used to analyze the 
� result. Analysis of these samples allowed us to check theanalysis in samples of higher statistical signi�cance than the 
� sample. Table 5.17shows the momentum average polarization and magnetic moment results for the fourspin transfer �� samples, as well as, the average results for the total sample.



90Mom. (GeV/c) View cos�K vs. � no cos�K vs. �103 Events ��P� ��P�352 x -0.0424�0.0057 -0.0383�0.0059103.2 y -0.0109�0.0064 -0.0169�0.006696.8 z 0.0188�0.0070 0.0221�0.0072380 x -0.0552�0.0049 -0.0586�0.0052141.2 y 0.0048�0.0053 0.0040�0.0056130.4 z 0.0414�0.0058 0.0427�0.0060403 x -0.0445�0.0064 -0.0514�0.0067104.5 y -0.0028�0.0062 -0.0009�0.006595.1 z 0.0480�0.0069 0.0409�0.0073443 x -0.0773�0.0057 -0.0728�0.0060128.7 y -0.0042�0.0058 -0.0033�0.0062107.6 z 0.0620�0.0066 0.0691�0.0070Avg.= 393 x -0.0571�0.0028 -0.0569�0.0030460.8 y -0.0015�0.0030 -0.0030�0.0031430.1 z 0.0413�0.0033 0.0428�0.0034Table 5.16: The measured �� polarizations the spin transfer production sample withand without the kinematic angle criteria RBdl = -24.36�0.24 T�m.Sample View Polarization ���103 Events ��P� �NI x -0.0567�0.0026413.0 y 0.0024�0.0029 -0.6552�0.0062z 0.0316�0.0049II x -0.0517�0.0030327.8 y 0.0025�0.0032 -0.6364�0.0073z 0.0334�0.0076III x -0.0643�0.0028365.7 y 0.0022�0.0030 -0.66529�0.0061z 0.0306�0.0035IV x -0.0683�0.0031413.0 y 0.0040�0.0034 -0.6545�0.0063z 0.0418�0.0080Total x -0.0600�0.00141519.5 y 0.0033�0.0016 -0.6478�0.0032z 0.0316�0.0017Table 5.17: The momentum averaged measured �� polarizations and magnetic mo-ments for four spin transfer �� samples at RBdl = -24.36.



91The previous measurements for this production method give a magnetic momentresult of: ��� = -0.6505�0.0025 �N .This is in good agreement with the results for the four individual cascade samplesand the total spin production cascade sample given by:��� = -0.6478�0.0032 �N .The level of agreement of the systematic studies and the results of the consistencychecks demonstrate that the systematic error present in �
� analysis is well below thelevel of the statistical error so we need only quote a statistical error for this measure-ment.



Chapter 6ImplicationsIn Chapter 1 many methods and models for predicting the magnetic moments of baryonswere discussed. In Table 1.6 listed theoretical predictions for �
� and the previousexperimental measurement. Table 6.1 includes the �nal result of this experiment in thetable for comparison both to the theoretical predictions and the previous measurement.Model �
� ReferenceSQM -1.83 Table 1.2SQM mass correction -1.3 [12]SQM mass correction -1.52 -1.48 [14]SQM charge correction -2.33 [15]Relativistic Bag Model -1.95 -2.52 [32]LGT -1.7 � .6 [34]LGT -1.73 � .22 [35]Measured value Fermilab E756 -1.94 �0:17� 0:14 [7]Measured value this thesis -2.024� 0.056 -Table 6.1: Theoretical predictions for the 
� magnetic moment. The previously mea-sured value is included for comparison.The result presented in this dissertation is in good agreement with the previousmeasurement. All but one of the theoretical predictions are in disagreement with ourmeasurement to 3�. Only the the relativistic bag model [32] which is within 1� is inagreement with this measurement. However the choice of parameters for the bag model92



93which gives a prediction close to the measured value does not give good predictionsfor all the other baryons. Figure 6.1 shows the di�erence between the predictions ofthis bag model and the measured values for the baryons in nuclear magnetons with theexperimental error bars.
Figure 6.1: Comparison of experimental measurements of baryon magnetic momentswith the theory which provides the best �
� value. The y-axis is the di�erence be-tween theory and experiment in units of nuclear magnetons. The two cases include twoconditions on the parameters used in this model.The above mentioned model manages to �t both the 
� and �� or the �� and �0.However, this model makes use of two parameters and also uses the proton, neutronand, � moments as inputs. So with two free parameters this model can �t two baryonsother than those used as inputs. The predictions for other baryons are several stan-dard deviations from the measured values. We can conclude that this model does notreproduce the experimental data.The disagreement of theoretical predictions and experimental measurement is anindication that the baryons are very complex systems. Even the 
� with its simplevalence quark con�guration cannot be predicted reliably by theory.



94Further eveidence of the complexity of the baryonic system is the recent measure-ments of the CERN SMC collaboration and SLAC experiments 142 and 143. The deepinelastic scattering results of muons and protons and neutrons measures the fraction ofthe baryon spin carried by the valence quarks. results presented recently conclude thatthe measurements of these groups are in agreement and that only approximately 30%of the total spin of the neutron and proton is carried by the valence quarks [48, 49].One can approach these �ndings from two directions. One is to ask \How can wehope to predict baryon magnetic moments without considering quark anti-quark pairsand gluons in the system?". The other appraoch is to ask \How is it that the naivequark model predicts the magnetic moments of the baryons as well as it does given thatit completely ignores this e�ect?".The baryonic system is the most complex system under consideration by high en-ergy physicists. The proton and neutron are stable and easily investigated. Yet thestructure of even these particle is not well understood. Hopefully the measurement ofthe magnetic moments of the baryons and in particular the simple 
� system whencombined with deep inelastic scattering measurements will revive interest in baryonstructure calculations among theorists.
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